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CEPHALOSPORIUM CANKER OF WESTERN HEMLOCK! 
By W. B. G. DENYER? 


Abstract 


A stem canker of suppressed western hemlock (Tsuga heterophylla (Raf.) 
Sarg.) was found at Powell River and Turnour Island, British Columbia. The 
canker, which appears to be annual, is irregularly elliptical with conspicuous 
resinosis in the early stages of development. A species of Cephalosporium was 
consistently isolated from the canker. Inoculation of western hemlock with 
this fungus produced cankers similar to those of natural origin. The growth 
and hyphal characters and the temperature-growth relations of the fungus are 
described. Attempts to produce the perfect stage in culture were unsuccessful. 


Introduction 


A canker of suppressed western hemlock (Tsuga heterophylla (Raf.) Sarg.) 
was found at Powell River and Turnour Island, British Columbia. Collec- 
tions were first made at Powell River in 1949 by Dr. D. C. Buckland, Associate 
Professor of Forest Pathology, University of British Columbia. Subsequent 


collections were made on Turnour Island by Mr. E. G, Marples, Forester, 
Powell River Company Limited, and at Powell River by the author. 

At Powell River the canker occurred on suppressed hemlock in a stand 
mainly composed of Douglas fir (Pseudotsuga taxifolia (Poir.) Britt.), 45 to 50 
years old, with some hemlock, western red cedar (Thuja plicata Donn), and 
grand fir (Abies grandis (Dougl.) Lindl.). The understory was chiefly 
hemlock, with some red cedar and grand fir. On Turnour Island the canker 
occurred on suppressed hemlock under old-growth hemlock and red cedar. 


Method of Study 


The fungus was isolated on malt agar from small pieces of diseased inner 
bark taken from near the margin of the cankers. The description of the 
hyphal and growth characters of the fungus was based on the method used 
by Nobles (2), with observations being made on 10 cultures. Hyphae and 
conidiophores were studied in hanging-drop and agar-slide cultures. The 


1 Manuscript received February 9, 1953. 
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Agriculture, Ottawa, Canada. Part of a thesis submitted to the Department of Biology and Botany, 
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2 Assistant Forest Pathologist, Dominion Laboratory of Forest Pathology, Saskatoon, 
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effect of temperature on growth was determined by incubating cultures over 
a range of temperatures from 0° to 35°C. The average radial growth of five 
cultures at the end of three weeks was used as the criterion of the effect of 
temperature on growth. 

Inoculum for the production of artificially induced cankers was prepared 
by growing the fungus on sterilized chips of hemlock bark. The bark of the 
stem or branch to be inoculated was swabbed with 70% alcohol and a U-shaped 
incision was made in the bark, forming a flap under which the inoculum was 
inserted. A moistened sterile gauze pad was fastened over the area of the 
inoculation. 

The Canker 
Description 

The canker occurred on the main stem of suppressed western hemlock, 1 to 3 
in. d.b.h., with usually more than one present on an infected trunk. Charac- 
teristically the canker is irregularly elliptical (Fig. 1), 2 to 6 in. in length, and 
on small stems two or more cankers commonly fused to produce an elongate 
lesion, extending 1 to 2 ft. No cases of complete girdling were observed. 
Branch stubs were usually present in the center of cankers and were probably 
the chief avenue of entrance of the pathogen. 

The first indication of the presence of a canker was a conspicuous exudation 
of resin from the margin of a slightly depressed area of bark. While bark at 
the margin was usually unbroken, the canker was occasionally outlined by 
peripheral cracking. In later stages the bark of the cankered area was 
noticeably depressed. The canker was firmly attached to the underlying 
wood except at the margin, where the bark was cracked, raised, and in the 
process of being sloughed owing to callus growth. Resin is exuded only in 
the earlier stages and apparently because of weathering is not a conspicuous 
symptom of older cankers. The extent of the canker within the bark was 
clearly defined. Diseased bark was brown and the margin marked by a dark 
narrow line. The wood underlying the canker was usually normal, but 
occasionally one or two annual rings showed a gray stain. Abortive cankers 
are occasionally formed. These appear as a roughening of the bark over a 
small circular area up to 1 in. in diameter and show slight resinosis. 

The causal fungus appears to be actively parasitic for only one year, as 
callus growth is not attacked. However, the pathogen was frequently isolated 
from the dead tissues of cankers several years of age. This would indicate 
that it lives primarily as a saprophyte. 


Inoculation Experiments 


Cephalosporium sp. isolated from natural cankers was inoculated into the 
trunks of suppressed western hemlock, 1 to 5 in. d.b.h., on the grounds of the 
University of British Columbia in May, 1950. When the inoculations were 
examined in September of the same year, all showed some degree of fungal 
activity with mycelium present in the incisions. Small depressed areas were 
present in the bark around the point of inoculation on the smaller trees 
(Fig. 2). Cephalosporium was recovered from only 3 of 12 inoculations. 





PLATE 





Fic. 1. Natural canker on the main stem of western hemlock, X }. Fic. 2. Inocula- 
tion on the main stem of western hemlock after five months, X 3. Fic. 3. Culture of 
Cephalosporium sp. on malt agar after six weeks, X 3. Fic. 4. Germination of conidia 
of Cephalosporium sp. in malt extract broth, & 250. Fic. 5. Conidiophores with heads 
of conidia in a hanging-drop culture of potato dextrose broth, & 220. 
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Twenty-four inoculations were made in May, 1951, on branches and main 
stems. Five months later cankers had formed about each point of inoculation. 
The induced cankers varied from a narrow depressed area surrounding the 
point of inoculation to an elongate depression, 1.5 by 6.0 in., with resinosis 
always present. Cephalosporium sp. was isolated from each induced canker. 


The Fungus 


The fungus consistently isolated from the canker was a species of Cephalo- 
sporium, but it has not yet been possible to determine the species. 


Growth Characters 

The growth of the fungus on malt agar (2) is slow, varying from 2.5 to 
4.1 cm. in six weeks (average, 3.6 cm.). The advancing zone is slightly 
bayed, hyaline, and appressed, extending 1 to 5 mm. beyond the aerial 
mycelium. The characters of the mat are: white and farinaceous, with 
hyaline droplets; becoming yellow (Munsell color equivalents: 10.0 YR 
8.0/6.0 at two weeks; 10.0 YR 7.5/6.5, 10.0 YR 8.0/7.5 at four weeks; 
and 10.0 YR 7.0/7.0 at six weeks) and subfelty in older parts of the culture; 
occasionally with sectors of felty, yellowish to hyaline aerial mycelium from 
the inoculum to the advancing zone. There is no effect on the agar. The 
white and farinaceous parts of the mat in the test cultures were faintly zonate 
(Fig. 3). This is apparently caused by exposure to light, because cultures 
grown in the dark, without exposure to light at intervals, do not have a 
zonate appearance. 


Hyphal Characters 

The hyphae have simple septae throughout. The advancing zone is 
composed of hyaline hyphae, 2 to 4 w in diameter. The aerial mycelium is 
composed of: narrow hyphae, 2 to 4 uw in diameter, similar to hyphae in the 
advancing zone; broad hyaline hyphae, 4 to 8 yw in diameter, cylindric to 
spheroid, with the cells often enlarged at one end, prostrate or rising from the 
surface of the medium for a portion of their length near the tips; and smaller 
broad hyphae with amber-colored contents. Occasionally, in a broad hypha 
some cells may be colored and others hyaline. The amber-colored hyphae 
produce the color in the cultures. 

The conidia are borne in roughly spherical heads or cephalosporia (Fig. 5), 
which are 7 to 27 uw in diameter (average, 11 w). The conidia are oval to 
obovate, occasionally cylindric, hyaline, and one-celled, 2.4 to 4.5 by 4.1 to 
6.7 w (average of 50 spores from a culture on malt agar, 3.2 by 5.2 yw). 
Mucus is produced by the conidiophore and this causes the conidia to adhere 
to each other. Cultures grown on barley kernels on Sach’s medium produce 
a compact mat with amber drops of mucus containing many spores. The 
phialides taper slightly, measuring 2.3 to 3.0 uw in diameter at the base by 
14 to 28 w in length (average, 2.6 by 22.2 wp). 
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From an advancing hypha erect branches are given off which become 
conidiophores and produce heads of conidia at the tips (Fig. 5). These 
primary conidiophores vary in length and may have one to several septa. 
The simple conidiophores later become branched. Branches are set out from 
just below septa so that the conidiophores become bifurcate (Fig. 5), and, by 
the production of successive branches, compound (Fig. 5). Some conidio- 
phores, however, remain simple or bifurcate. The branching of the compound 
conidiophores is irregular because of the varying number of septa in the 
primary conidiophores. Occasionally a conidial head is produced at the tip 
of an advancing hypha, Conidiophores and conidia are produced profusely 
over the surface of cultures, except in the hyaline felty areas, referred to 
previously, where they are sparse. The conidia germinate within 24 hr. 
when placed on a nutrient medium (Fig. 4). They swell to two or three times 
their original size and send out one or two germ tubes. 


Temperature Relations 

The minimum temperature for growth of Cephalosporium sp. on malt agar 
lies between 0° and 4° C., the optimum growth temperature between 18° and 
20° C., and the maximum between 25° and 30°C. No growth occurred at 
0° or at 30°C. The mat of cultures incubated at temperatures below 12° C. 
was thin and appressed. There was no production of a yellow color in these 
cultures over a three-week period. Cultures incubated at temperatures 
between 12° and 20° C. were as described under Growth Characters. Above 
20° C., although radial growth was slower, more abundant aerial hyphae were 
produced, giving a compact felty mat. An appressed advancing zone was 
absent. More pigment was present in such cultures and color extended to 
the limits of growth. Conidia were produced over the entire range of tempera- 
tures in which there was growth, although there was a reduction in the number 
above 20° C. 


The Perfect Stage 

On two cankers from Turnour Island small orange apothecia occurred. No 
ascospores were present in the fruit bodies and an attempt to obtain cultures 
from both the apothecia and the bark of these cankers was unsuccessful, 
because of the dried condition of the specimens when received. It was not 
possible to tell whether the apothecia were the perfect stage of this species of 
Cephalosporium or of a secondary fungus. Several different media and various 
growth conditions were tried to induce the formation of the perfect stage, 
including the pairing of isolates from several cankers, but none was successful. 


Discussion 


Christensen (1) reported on a canker of balsam fir (Abies balsamea (L.) 
Mill.) in Minnesota and Wisconsin caused by a species of Cephalosporium. 
‘The symptoms of the disease are similar to those on hemlock, but differences 
exist in the characters of the two fungi in culture. These variations are 
summarized in Table I. 
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TABLE I 


COMPARISON OF Cephalosporium SPP. ISOLATED FROM CANKERS ON 
WESTERN HEMLOCK AND BALSAM FIR 














Cultures on malt agar 
Conidial 
Source Mat Optimum Maximum length, u 
: temperature, ° C. | temperature, ° C. 
Western hemlock | White, becoming yellow 18-20 25-30 Av. 5.2 
4.1-6.7 
Balsam fir White 27-30 30-35 Av. 4.3 
2.8-5.7 

















In the description of Cephalosporium isolated from balsam fir, Christensen 
(1) reports: ‘“The conidiophores taper to a slender tip, on which 1 to 3 conidia 
are borne simultaneously, either on short sterigmata or directly on the conidio- 
phores. Each sterigma continues to produce conidia, and these remain 
clustered in a roughly spherical head about the tip of the conidiophore”’. No 
sterigmata occurred on the tips of conidiophores in the Cephalosporium 
isolated from western hemlock. Following the method described by Pinkerton 
(3), the formation of conidia was investigated. Conidia were found to be 
produced within the tip of the conidiophore and extruded, one at a time, 
through the tip. Because of the differences mentioned, the two fungi cannot 
be considered as the same species. 

The success of the second set of inoculations may be attributed to the fact 
that they were made in younger bark than the first set, and that they were 
made at the beginning of a 90-day dry period. It seems probable that the 
fungus lives primarily as a saprophyte and can only become parasitic when the 
vigor of the tree is reduced, as for example by drought. Even under such 
conditions the spread of the pathogen is stopped by callus growth and is not 
subsequently resumed, although it continues to live in diseased bark. The 
bark of branches killed by natural pruning would provide a suitable medium 
for the fungus to exist as a saprophyte. Under adverse conditions the fungus 
could attack the living bark of the main stem around the base of a dead branch 
and cause a canker. 

This canker has only been observed on western hemlock on poor sites and 
apparently does not cause the death of infected trees. It has been found in 
two widely separated locations and it may be comparatively widespread. 
Heavy infections occur in stands of dense reproduction. The disease may be 
controlled by thinning dense stands in order to increase stand vigor. 
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PHYSIOLOGICAL AND BIOCHEMICAL STUDIES IN PLANT 
METABOLISM 


VIII. THE DISTRIBUTION OF INVERTASE IN THE FIRST LEAF 
OF KHAPLI WHEAT! 


By D. W. A. RoBERTs? 


Abstract 


The kinetics of wheat leaf invertase have been investigated as a basis for its 
quantitative estimation. No evidence was obtained which indicated that 
wheat leaf invertase consists of a phosphorylase and a phosphatase. Solid 
preparations of the enzyme may be made by precipitating the invertase with 
ammonium sulphate from wheat leaf juice which has been previously freed 
from chlorophyll by precipitation with acetate buffer at pH 4-5. A study of the 
distribution of this enzyme in the first leaf of wheat shows that the enzyme 
reaches its maximum concentration in the leaf just at the close of the period 
of elongation. The enzyme is more abundant in the basal part of the leaf 
than the tip and this condition is taken to indicate that the enzyme is associated 
with the vascular tissue (phloem or phloem parenchyma) rather than the chlo- 
renchyma, 


Introduction 


In a previous paper (20) it was reported that the R.Q. values of the 
different quarters of the first leaf of Khapli emmer wheat differed in the 
mature leaves and also in the immature leaves of various stages of develop- 
ment. The suggestion was made that this indicated differences in the 
enzymic machinery of the leaves both in time and space. Since invertase 
is usually regarded as an easy enzyme to work with, it was chosen to test this 
hypothesis. Because, on physiological grounds, there is reason to think 
that the different parts of the leaves differ anatomically (18, 19), it was hoped 
that some light might be shed on the role of invertase in the general metabolic 
processes of the plant through an investigation of its distribution in. the 
leaves. Further it was hoped that this study would confirm the idea that 
enzyme concentrations in plant tissues change during the ontogeny of a specific 
organ, and thus enable an outline of the changes occurring in invertase concen- 
trations to be made. 


Ward (30) has shown that invertase is present in the leaves of Khapli 
emmer wheat. Invertase has also been found in the leaves of barley by 
Archbold (2). Since sucrose has been shown to be the chief alcohol soluble 
carbohydrate present in the leaves (16, 29), it seems probable that this is the 
substrate for invertase im vivo. Earlier results (16) indicate that the glucose 
and fructose produced do not accumulate to an appreciable extent. The 
fate of these two sugars in the leaves is at present unknown. 


1 Manuscript received January 2, 1953. 
A contribution from the Department of Botany, University of Toronto, Toronto, Ontario. 
The author is grateful to the Special Research Fund of the University of Toronto for 
financial assistance and to Prof. G. H. Duff of the Department of Botany, University of Toronto, 
who made his laboratory facilities available for the research. 
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In connection with the study of the distribution of enzyme systems in 
plants it is worth while recalling the findings of the animal biochemists. 
Greenstein (10) and his co-workers have shown that in rats and mice different 
tissues contain different concentrations of the same enzyme. Their work 
further shows that there are differences in concentrations of given enzymes 
between foetal and adult livers in rats and rabbits. Thus in mammals it 
may be concluded that different tissues show different patterns of enzyme 
concentration at different stages of ontogeny. That the concentrations of 
different enzymes change during the development of grasshopper eggs has 
been shown by Bodine and his school for choline-esterase (22), cytochrome 
oxidase (1), and tyrosinase (3). 

In the case of plants, there are frequent scattered references in the liter- 
ature which indicate that a similar state of affairs exists. For example, 
Davidson (6) found that the concentration of alcohol dehydrogenase decreases 
as pea seedlings age during the first six days. It has also been observed that 
cytochrome oxidase disappears from some plant tissues as the seedlings 
grow older and that it is replaced by ascorbic acid oxidase as, for example, 
in peas (7) and wheat (32). In the embryos of germinating wheat, dipepti- 
dase, protease, and lipase have been found to increase in the embryo as the 
seed germinates (15). In the scutellum there was a great increase in the 
proteolytic enzymes but two hours after the start of germination the lipase 
concentration started to decrease. A much smaller quantity of all of these 
enzymes was found in the endosperm where little change occurred on germina- 
tion. Similar results for catalase in the embryos of germinating wheat have 
been observed (5). There is also evidence that enzyme concentrations differ 
in the different cell types. For example, peroxidase is concentrated in the 
veins (12) especially the phloem and also in the epidermis and endodermis 
(24). Glick and Fischer (9), using histochemical methods, showed that 
different parts of the germinating wheat grain gave different reactions for 
phosphatase depending on the substrate used. This would indicate that a 
number of different phosphatases are present in different parts of the cells of 
different organs of the seedling. 


The Identity of the Enzyme 


Previous work in this laboratory had shown that when sucrose was added 
to press juice of wheat leaves the reducing power, as measured by the Hanes’ 
method, increased. The reaction did not occur if boiled juice was used instead 
of fresh juice. This is usually considered to be conclusive evidence for the 
presence of invertase. If, however, sucrose phosphorylase were present in 
the juice and a phosphate buffer were used, similar results would be obtained 
in the absence of invertase. It seems probable that these two enzymes would 
be distinguished by their pH optima which are separated by at least three 
pH units. If both sucrose phosphorylase and a phosphatase hydrolyzing 
glucose-1-phosphate or phosphoglucomutase were present these would also 
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produce results similar to invertase. In view of these possibilities, an attempt 
was made to show that the enzyme actually present is invertase and not a 
combination of other enzymes. From the results obtained with wheat juice, 
the possibility that the reactions observed are due to sucrose phosphorylase 
and a phosphatase can not be ruled out completely. This reaction is unlikely 
to proceed rapidly since the glucose that would be produced would inhibit 
the action of the sucrose phosphorylase. It is, however, improbable from 
the results that have been obtained, that the increase in reducing power at 
pH 4:5 is due to this combination of enzymes. 

In order to prove that the reaction occurring in the juice is the conversion 
of sucrose into fructose and glucose, these latter two reducing sugars must 
be identified in the enzyme digest. To demonstrate the presence of free fruc- 
tose in the digests, glucosazone was prepared from a large scale digest in the 
usual way except that the preparation was not heated in a boiling water bath 
to produce the osazone but was allowed to stand at room temperature for 
three days. The formation of glucosazone from a sugar without heating is 
conclusive evidence that the sugar is fructose (4). Neither glucose nor mannose 
forms an osazone under these conditions. The resultant osazone was identified 
by its melting point. Glucose was identified by the preparation of potassium 
gluconate from the digest. For this purpose the digest was cleared with 
lead acetate, the lead removed by sodium carbonate, and the sugar solution 
was evaporated to dryness in vacuo at 40°C. Potassium gluconate was 
prepared by the method of Moore and Link (14) from the solids obtained 
as a result of the evaporation. White silky needles were obtained that 
melted at 178°C. (Moore and Link give 180°C. for potassium gluconate) 
with decomposition and contained 16-8% potassium (theoretical for potassium 
gluconate is 16-7%). Since potassium gluconate was prepared in great 
quantity from the digest after lead acetate precipitation glucose must have 
been present in the digest at the close of the period of digestion. 

The two identifications prove that the over-all reaction is a conversion 
of sucrose into glucose and fructose. Later the possibility that a phosphory- 
lated intermediate occurs in the above reaction will be considered. 

A test of the substrates attacked by wheat leaf juice at pH 4-5 using acetate 
buffer was made. Under these conditions the juice was found to hydrolyze 
raffinose and starch but not lactose or inulin. Raffinose is a normal invertase 
substrate but starch is not. The hydrolysis of starch indicates that amylase 
is present. Tests with the gelatin gel method of Wijsman described by Van 
Klinkenberg (25) show that both a-amylase and B-amylase are present. 
Although no proof has been obtained that the starch in these experiments 
was not hydrolyzed by the same enzyme as the sucrose, this has been assumed 
to be the case. It is interesting to note that no substrate for the amylases 
was found in the leaves of Khapli wheat when the labile carbohydrates were 
investigated (16). 
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Kinetics of Wheat Leaf Invertase 


In order to measure the concentration of an enzyme in any homogenate, 
it is essential to choose conditions for the measurement, such that the rate 
of the reaction catalyzed is proportional to the enzyme concentration, since 
it is not as yet possible to determine directly the quantity of enzyme present. 
This necessitates (1) an investigation of the progress curve of the reaction 
catalyzed, (2) an investigation of the effect of substrate concentration on the 
rate of the reaction, and (3) an examination of the effect of enzyme concentra- 
tion on the rate of the reaction. In those cases where the quantities of 
material available for the determination are small, it is also necessary to work 
at the optimum pH, since it is desirable to obtain large rates of reaction with 
small quantities of enzyme. While it is true that these properties of invertase 
have been thoroughly investigated in the case of yeast invertase (13, 26), it 
is not safe to assume that what is true for yeast is necessarily true for wheat. 
Consequently the kinetics of wheat leaf invertase have been investigated. 


Progress Curve of the Hydrolysis 


Nine-day-old wheat plant tops were processed in the mechanical juicer 
and the juice obtained was centrifuged to remove most of the chloroplasts. 
Ten milliliters of this centrifuged juice was added to 25 ml. of a 10% sucrose 
solution, 25 ml. of a 0-2 M acetate buffer at pH 4-7, and a crystal of thymol. 
The digest was incubated in a constant temperature bath at 22-2°C. and 
samples were taken at the times indicated in Fig.1. The enzyme in the samples 
was inactivated by one of two procedures. Three milliliters of the digest 
was added to a 50 ml. volumetric flask immersed in a boiling water bath and 
containing 3-0 ml. of a 0-1 N sodium hydroxide solution. After five minutes 
in the bath the flask was removed, allowed to cool, and the contents made up 
to 50 ml. This method of inactivation will be referred to as the hot water 
treatment. In the other method of inactivation, the 3 ml. sample of the digest 
was run into a centrifuge tube containing 1 ml. of saturated lead acetate 
solution. The lead precipitate was centrifuged down, the supernatant de- 
canted, the precipitate washed with a few milliliters of water, the washings 
combined with the supernatant, and deleaded with solid sodium carbonate. 
The cleared solution so obtained was made up to 50 ml. in a volumetric 
flask. In the following discussion this method of inactivation is referred to 
as inactivation with lead. The reducing sugar in the diluted enzyme free 
samples was determined by the Hanes’ method (11) and the sucrose was 
determined in the same way after hydrolysis with hydrochloric acid. 


Fig. 1 gives the results of an experiment on the progress curve of sucrose 
hydrolysis by wheat leaf invertase, in which both methods of inactivation were 
used. When inactivation with lead is used, it will be seen that no total sugar 
disappears. This means that no appreciable quantities of sugar phosphates 
with reducing power are formed since these would be precipitated by lead 
and appear as total sugar lost. The curves for reducing sugar liberated and 
residual sucrose, plotted against time are in agreement with expectations. 
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When hot water inactivation is used total sugar disappears. The reason for 
this was not investigated. The curve showing liberation of reducing sugar 
with time has a peculiar kink in it at the start of hydrolysis. This kink means 
that hot water inactivation can not be used for the quantitative determination 
of invertase in the leaves unless the kink can be eliminated or unless several 
determinations are made so that the slope of the straight part of the curve 
can be determined. It will be noted that the slope of the straight part of 
the curve is the same regardless of the method of inactivation used. 

In order to investigate the reason for the kink in the curve showing liberation 
of reducing power with time, the experiment described above was repeated 
except that different quantities of alkali were added to the flask for the 
inactivation of the enzyme. In this series of experiments the effect of 0 ml., 
1-5 ml., and 3-0 ml. of 0-1 N alkali were tested. The results are given in 
Fig. 2. This experiment clearly shows that the alkalinity of the sample of 
digest during the treatment in the hot water bath influences the shape of 
the curve showing liberated reducing sugar plotted against time. The 
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Fic. 1. Progress curve of the hydrolysis of sucrose and production of reducing sugar 
by wheat leaf invertase. 
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Fic. 2. The liberation of reducing sugar from sucrose by wheat leaf invertase. The three 
curves show the effect of alkali, added prior to hot water inactivation of the enzyme, 
on the quantity of reducing sugar as determined by Hanes’ method. 
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Fic. 3. The liberation of reducing sugar from sucrose by wheat leaf invertase at three 
pH values using a citrate-phosphate buffer. 
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experiment also shows that the proper quantity of alkali to use is 1-5 ml. when 
the digest is made up as described above. While the cause of this discrepancy 
is unknown, it is suspected that the nonsugar reducing substances are 
responsible for this result. 


In the following experiments hot water inactivation using the appropriate 
quantity of alkali was employed. This method was chosen because it requires 
much less tire than inactivation with lead. 

After the discovery that the shape of the pH activity curve of wheat inver- 
tase was quite different in citrate-phosphate buffer from what it was in acetate 
buffer (cf. Fig. 4) an investigation of the shape of the progress curve for the 
hydrolysis of sucrose, and the disappearance of inorganic phosphate was 
undertaken at different pH values in citrate-phosphate buffer. The digests 
were made up by dissolving 2-5 gm. of sucrose in 50 ml. of buffer (a mixture 
of 0-1 M citric acid and 0-2 M disodium hydrogen phosphate) at the pH 
values indicated and adding 10 ml. of centrifuged wheat leaf juice. Hot 
water inactivation was used with 2-0 ml. of 0-1 N sodium hydroxide for the 
digest at pH 4-5, 1-5 ml. for the digest at pH 5-5, and no alkali for the digest 
at pH 6-5. Inorganic phosphate was determined in an aliquot of the digest 
by the method of Waygood (31). Fig. 3 shows that the progress curve 
for the liberation of reducing sugar under these conditions is normal. The 
data in Table I show that there is no detectable disappearance of inorganic 
phosphate at pH 4-5 or pH 5-5. However at pH 6-5 there is a suggestion 
that inorganic phosphate is slowly disappearing from the digest. This 
disappearance of inorganic phosphate is not sufficient to account for more 
than 50% of the reducing power liberated at this pH on the assumption 
that it is due to sucrose phosphorylase even if it is assumed that the glucose- 
1-phosphate produced appears as reducing sugar owing to its hydrolysis 


TABLE I 


THE DISAPPEARANCE OF INORGANIC PHOSPHORUS FROM WHEAT LEAF DIGESTS 
WITH ADDED SUCROSE AT DIFFERENT pH VALUES 














Tine, Mgm. of inorganic phosphorus in the digest 
hours pH 4.5 pH 5.5 pH 6.5 
0 15.6 19.1 22.8 
1 14.5 18.1 22.0 
2 16.4 18.5 21.6 
3 16.5 18.2 21.4 
4 15.6 18.0 20.8 
5 15.6 18.3 20.8 
6 16.0 18.4 21.4 
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during the analytical procedures. It seems therefore that the greater part 
of the activity in the digest at pH 6-5 is due to invertase. 

Studies of the progress curves of the liberation of reducing sugar by wheat 
leaf juice in acetate and citrate-phosphate buffer do not suggest that two 
enzymes are involved in the activity observed at pH 4-5. No phosphate 
uptake occurs at pH 4-5. Total sugar does not disappear from and later 
reappear in the digests when inactivation with lead is used. This would 
occur if a phosphorylated intermediate accumulated to any extent during 
the hydrolysis and later was destroyed by a phosphatase. The slight dis- 
appearance of inorganic phosphate at pH 6-5 has been observed in other 
experiments and is probably due to a phosphorylation of some sort. No 
evidence is on hand to show that sucrose is the other substrate although that 
is possible. 


pH Optimum for Activity 

The pH optimum was determined in both acetate and citrate—phosphate 
buffers. In testing the acetate buffer, the digests were made up of 1-0 gm. 
of sucrose, 5 ml. of centrifuged wheat juice, and 20 ml. of 0-2 M acetate 
buffer of the appropriate pH. The samples were withdrawn from the digests 
initally and after two hours. Inactivation was carried out by the hot water 
treatment. In testing the citrate-phosphate buffer the same procedure was 
used as with the acetate buffer except that a mixture of 0-1 M citric acid and 
0-2 M disodium hydrogen phosphate was used in place of the acetate buffer. 
All digests were incubated at 22-2°C. 

The pH activity curves obtained with these two buffers are shown in 
Fig. 4. Since these two sets of determinations were made using different 
enzyme preparations, the absolute values for the activities in the two different 
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Fic. 4. The effect of pH on the activity of wheat leaf invertase in acetate and citrate—- 
phosphate buffers. 
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buffers are not comparable. The pH optimum was 4-4 in both buffers tested. 
It is interesting to note that the activity in the higher pH range falls off faster 
in acetate buffer than in phosphate buffer. It was this phenomenon which 
prompted the aforementioned tests on phosphate uptake. In view of these 
findings, pH 4-4 was chosen for the determinations of invertase concentration 
in the leaves. 


Substrate Concentration and Ky» 

In carrying out quantitative enzyme concentration determinations, it is 
important to choose a substrate concentration high enough to saturate the 
enzyme with respect to substrate. By doing this, all the complications 
arising from the effect of substrate concentration can be avoided. Poor 
results were obtained when an attempt was made to measure the initial activity 
in the digests containing small quantities of sucrose, and so a progress curve 
for the hydrolysis of 1% sucrose solution was constructed using data from a 
digest containing acetate buffer at pH 4-4 and 1% sucrose with the other 
conditions as described above. The resultant curve is shown in Fig. 5. 
By drawing tangents to this curve the rate of reaction at known sucrose 
concentrations was determined. This is permissible since the shape of the 
progress curves for high sucrose concentrations (cf. Fig. 1) indicates that 
the enzyme is not inactivated appreciably during the course of the hydrolysis. 
The activities at higher sucrose concentrations were determined by measuring 
the initial rate of reaction in digests containing the appropriate concentrations 
of sucrose. Fig. 6 shows a plot of enzyme activity against sucrose concentra- 
tion. The data show that in concentrations over 14% ‘sucrose by weight 
the rate of reaction did not depend on the sucrose concentration when using 
the enzyme concentration present in these digests. The concentration of 





500 


400r 


300 


200 








MGM, REDUCING SUGAR LIBERATED PER 50 ML. DIGEST 


j l 1 





2 
TIME, HOURS 


Fic. 5. The liberation of reducing sugar during the hydrolysis of a 1% sucrose solution 
by wheat leaf invertase at pH 4-4 in acetate buffer. 
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the enzyme will of course influence the sucrose concentration required to 
saturate the enzyme. From this data it would appear that a sucrose concen- 
tration of 6% should be suitable for determining enzyme concentrations in 
tissues. This concentration should saturate the dilute enzyme preparations 
to be used in the quantitative experiments on enzyme distribution. 

The value for K,, of wheat leaf invertase can be read off Fig. 6. It is the 
sucrose concentration which gives half maximum velocity of hydrolysis. 
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Fic. 6. The effect of sucrose concentration on the rate of sucrose hydrolysis by wheat 
leaf invertase. 
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Fic. 7. The effect of enzyme concentration on the rate of sucrose hydrolysis by wheat 
leafginvertase. 
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From Fig. 6 a value of 0-005 M is obtained for K,. This value differs 
considerably from the value of 0-02 M reported for yeast invertase (26). It is 
quite close to the value of 0-004 M given by Ward for wheat leaf invertase (30). 


Enzyme Concentration 


If the activity of an enzyme preparation is to be taken as a measure of 
the enzyme concentration in the preparation, then it must be shown that the 
activity is proportional to the enzyme concentration under the conditions of 
measurement. This demonstration is necessary since it is not always found 
that halving the enzyme concentration halves the activity. 

For these experiments centrifuged wheat leaf juice was used. The digests 
contained 10 ml. of acetate buffer at pH 4-4, a known amount of wheat leaf 
juice, sufficient distilled water to make the volume up to 25 ml., and 1-0 gm. 
of sucrose. The digests were incubated at 22-2°C. and the determinations of 
activity were carried out as described above. 

Fig. 7 shows that for the lower concentrations of invertase, the activity 
shown in the digests is proportional to the enzyme concentration. The 
chosen conditions for the determination of invertase are therefore satis- 
factory. 


Properties of Wheat Leaf Invertase 
Inhibition 

A series of experiments was performed to find out what the inhibitors of 
wheat leaf invertase in crude juice preparations are. It should be borne in 
mind that in purer preparations inhibition may be encountered where none is 
found in the crude juice. 

In testing the different inhibitors, sufficient of the substance under test 
was added to the digests to give a final concentration of inhibitor of 0-1 1, 
or in cases where the inhibitor was not soluble enough to give this strength 
of solution, the digest was saturated with inhibitor. Under these conditions 
no inhibition was obtained using barium acetate, cystine, sodium fluoride, 
formaldehyde, sodium nitrite, magnesium sulphate, manganese sulphate, 
sodium sulphide, potassium oxalate, hydroxylamine hydrochloride, calcium 
arsenate, cysteine hydrochloride, iodoacetic acid. Inhibition was obtained 
with lead acetate, copper sulphate, mercuric sulphate, and brucine. -Phenyl- 
enediamine and p-toluidine have been reported as inhibiting invertase (27). 
It appears as if an acidic grouping in the invertase molecule is necessary for 
activity since organic bases and heavy metals inhibit the activity of invertase. 


Dialysis 

Dialysis against running Toronto tap water (ca. 10°C. at the time of the 
experiments) gradually inactivates the enzyme. The rate of inactivation 
depends on the age of the leaves from which the preparation is made. The 
inactivation is less rapid in the case of younger leaves. It seems probable 
that the inactivation is due to the fact that the water is slightly alkaline. 
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Very little loss of activity occurs when the centrifuged juice is dialyzed against 
acetate buffer at pH 4-4 in the refrigerator at 0°C. for 18 hr. in contrast to 
appreciable loss of activity when dialyzed against running tap water at 
10°C. 

Purification of Wheat Leaf Invertase 


The invertase from wheat leaves has not proved to be very amenable to 
purification. Prolonged centrifuging is needed to remove the chlorophyll 
from the crude juice preparations. This does not remove the invertase. It is 
much simpler and quicker to add an equal volume of acetate buffer at pH 4-4 
to the juice to coagulate the larger particles in the preparation. The juice 
may then be centrifuged free from green material quite readily without 
appreciable loss of invertase. This was adopted as the first step in the 
purification procedures. 


An attempt was then made to precipitate the invertase by adding 0-1 N 
sodium hydroxide to the resultant supernatant. It was found that in the 
presence of acetate buffer only, some irreversible inactivation of the enzyme 
occurred at pH 7-0 and a very short exposure to pH 8-0 completely inactivated 
the enzyme. It was not found possible to effect any purification of the enzyme 
by making the solution alkaline. 

Attempts to precipitate the enzyme from the chlorophyll free juice by the 
addition of an equal volume of 95% alcohol, acetone, or dioxane were 
unsuccessful as the enzyme was neither recovered from the precipitate nor 
the supernatant liquid without an almost complete loss of activity. 

Anomalous results were obtained when the enzyme was salted out of the 
chlorophyll free juice with magnesium sulphate. However, this reagent 
could be used in purification procedures for wheat leaf invertase. 

Invertase can be salted out of the chlorophyll free juice preparations by 
ammonium sulphate without great loss of activity. This reagent can be 
used to prepare dry solid preparations of the enzyme. Salting out occurs 
between 20% and 40% saturation of ammonium sulphate (sufficient solid 
being added to give this concentration at 25°C.) if the preparation is allowed 
to stand overnight in the refrigerator and centrifuged cold next day. The 
preparations obtained in this manner are not very active compared with good 
preparations of yeast invertase. These preparations will liberate 0-9 to 1-0 
mgm. of glucose and fructose per hour per milligram dry weight of preparation 
from sucrose at 22-2°C. in acetate buffer at pH 4-4. 


Measurement of Invertase Activity in Wheat Leaf Homogenates 


The plant material for these experiments was grown under controlled 
conditions described earlier (8, 17). Growing conditions were 22-2°C., 
ca. 55% relative humidity, and a 12 hr. day of ca. 500 foot-candles produced 
by 500 watt incandescent lights. Water was supplied to the cans in which 
the plants were growing at the rate of 60 ml. per day. The leaves were 
harvested after 12 hr. of light and quartered as described earlier (18). 
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Approximately 50 quarters of four-day-old leaves were used, 30 quarters of 
five-day-old leaves, and 25 quarters of the older leaves. The fresh weight of 
each group of quarters was determined. The quarters were ground with 
5 ml. of 0-2 M acetate buffer at pH 4-4 either in a glass homogenizer of the 
Elvehjem and Potter type (23) or in a glass mortar and pestle. The latter 
was found to be more satisfactory for the older quarters which are rather tough 
and do not grind up readily in a glass homogenizer. Three washings with 
5 ml. of acetate buffer were used to transfer all the leaf debris to the digestion 
flask. Finally 5 ml. of a sucrose solution containing 1-5 gm. of sucrose were 
added to the digestion flask and the digest was incubated under toluene at 
22-2°C. for four hours. *Ten-milliliter samples were withdrawn from the 
digest initially and after four hours. These samples were added to a 25 ml. 
volumetric flask containing 10 ml. of 0-1 N sodium hydroxide solution and 
immersed in a boiling water bath. After heating 5 to 10 min. in the water 
bath the neutralized sample was allowed to cool and made up to 25 ml. 
Reducing sugar was then determined by the Hanes’ method (11). From these 
results the invertase activity (which is a measure of its concentration) was 
determined in terms of mgm. reducing sugar liberated per gm. fresh weight of 
leaves per hour at 22-2°C. in 0-2 M acetate buffer at pH 4-4. 

The results of the determinations described above are given in Table II. 
The duplicate sets of determinations were made on groups of plants grown 
at different times and are not duplicates taken out of the same population, 
but are taken out of similar populations. 


Distribution of Invertase in the Leaves 


The results outlined above do not allow any definite conclusion to be reached 
as to the position of invertase within the cell. However, from the fact that 
the invertase is not removed from the juice preparation when the cell wall 
debris and the chloroplastids are removed, it is probable that it is not asso- 
ciated with either of these structures. Since many of the larger particles 
are removed from the crude juice by precipitation with acetate buffer at 
pH 4-4, it is unlikely that the invertase is associated with these structures. 
This leaves only two probable places for the invertase in the cell, namely the 
cytoplasmic solution and the vacuole. Although it is commonly supposed 
that the vacuole does not contain enzymes this possibility should not be 
ruled out. In fact if the enzyme operates near its optimum pH in vivo the 
vacuole is the more probable location for the invertase. 


The data in Table II reveal that the invertase is not distributed uniformly 
among the cells of the mature leaves. Per unit fresh weight there is approxi- 
mately double the quantity in the basal part of the leaf as compared with the 
tip section of the leaf. Since the water content of the basal quarter is higher 
than the tip quarter (20), the gradient in invertase becomes greater when 
calculated on a dry weight basis, and owing to the direction of the protein 
gradient (18, 19) even more strikingly steep if calculated on the basis of protein 
content. 
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TABLE II 


THE DISTRIBUTION OF INVERTASE ACTIVITY IN WHEAT LEAVES 

















Invertase concentration expressed as mgm. of reducing sugar liber- 
ated per hr. per gm. fresh weight 
Age in days 
Quarter 
1 2 3 4 
+ 41.0 36.2 40.9 24.2 
26.9 43.7 44.4 22.2 
5 23.2 5.3 52.6 49.6 
36.3 41.3 55.3 55.7 
6 32.2 45.3 64.5 63.1 
32.3 37.4 47.0 58.5 
7 14.8 20.3 35.4 48.0 
22.8 27.0 30.5 50.9 
8 13.9 19.4 25.2 34.7 
19.3 22.64 28.6 43.8 
9 14.4 21.6 23.0 29.5 
13.8 16.4 23.6 29.2 
10 a | 10.5 16.6 20.0 
14.0 7.4 21.4 19.1 
11 i ti3 1.1 13.2 
10.3 12.0 13.1 19.7 
12 5.9 8.8 12.5 13.1 
9.3 9.3 .0 7.2 

















Table II also shows that the invertase concentration changes strikingly as 
the leaves age. In considering the changes in invertase concentration in 
the different quarters, it must be remembered that the leaves are produced 
from a basal meristem and consequently the fourth or basal quarter is younger 
than the tip or first quarter. Bearing these facts in mind it will be seen that 
the changes in invertase concentration during ontogeny in all four quarters 
agree. Invertase concentration is relatively low during the latter part of 
the mitotic phase (represented only by the fourth or basal quarter of four- 
day-old leaves). The concentration of this enzyme rises sharply throughout 
the period of elongation which is complete in all quarters by the seventh 
day and then falls gradually until the so-called mature condition is reached 
by about the twelfth day. The maximum invertase concentration thus 
appears in the cells just about the time that they have finished elongating. 
It is interesting to note that high invertase concentrations have been found 
associated with elongation in roots also (21, 28). Although the leaves have 
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reached their full size by the seventh day it can be seen that the biochemical 
ontogeny of their youth, at least as far as invertase is concerned, continues 
until the tenth day. 

It will be well now to consider the invertase gradient in the mature leaf 
in terms of the other gradients in the mature leaf. It has been shown earlier 
(18, 19) that the tip quarter is characterized by a relatively high protein, 
chlorophyll, and, at the close of the periods of illumination, high sucrose 
content. These facts are considered to mean that there is relatively more 
chlorenchyma in the tip quarter than the basal quarter. It is probable 
that there is more vascular tissue in the basal quarter than in the tip quarter. 
The distribution of invertase suggests that it is not associated with the chlo- 
renchyma but rather with the vascular tissue (phloem or phloem parenchyma 
probably). If this is so, it means that invertase is not an important factor 
in the metabolism of chlorenchyma cells. 

It has never been possible to demonstrate the synthesis of sucrose using 
invertase 7 vitro, and now it is shown that the distribution of this enzyme in 
the leaf does not agree with the distribution of this sugar or of the photosyn- 
thetic machinery. Consequently there is probably some other mechanism 
for sucrose synthesis in the leaves. The behavior of crude juice preparations 
suggests that sucrose phosphorylase could be the enzyme responsible for 
sucrose synthesis in the leaves. This matter warrants further work. It 
will also be necessary to find out what is the fate of the glucose and fructose 
produced by the invertase. It is of course possible that the invertase is not 
active in vivo at all but this seems improbable (cf. wheat leaf amylases how- 
ever). 
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Abstract 


The 19 pollen profiles from the Gaspé and the St. Lawrence Valley show close 
correlation with known facts in glacial geology of this region. Marine invasions 
and persistence of the Laurentian icecap prevented forest occupation until climate 
had warmed considerably. The warm period was followed by a deteriorating 
climate as shown by rise in spruce and fir. During the succeeding very warm 
period, spruce and fir became rare, pine increased in the Gaspé region, and 
hemlock and broadleaved trees associated with pine became important in the 
St. Lawrence Valley, while the forests on the lower Laurentian Shield were 
composed primarily of pine penetrated by hemlock a broadleaved genera as 
minor elements. During most recent times the climate has become colder. 
Spruce and fir show a decided peak, especially in the Gaspé and on the Shield, 
pine declined in all parts of Quebec, but broadleaved genera, including chestnut 
in some areas, became prominent in the St. Lawrence Lowland, while decline 

of hemlock and pine and increase of spruce, fir, and yellow birch mark the 
forests on the southern slopes of the Shield. Pollen profiles are favorably 
correlated with forest divisions of Halliday. 


Introduction 


Quebec is unique in its physiographic position in that it occupies a 
sufficiently extensive area to involve both the lake forest and the typical 
spruce—fir boreal forest, a condition aptly called “interpenetrating climaxes” 
by Dansereau (4). Climatically the province ranges from oceanic to con- 
tinental types of climate. Within its boundaries are the northward range 
limits of Acer saccharum, Fagus grandifolia, Quercus rubra, Betula lutea, Pinus 
strobus, and P. resinosa. Also, the microclimate of the St. Lawrence Lowland 
favors northward extension of broadleaved species, and peaks of the Gaspé, 
like Mt. Albert, push tundra southward. The Gaspé is, of course, the 
taxonomist’s paradise for unusual distribution ranges of species. 

Because lower Quebec is such a significant ‘‘cross roads’’ area for plant 
migration and of complex glacial history (7), it was selected for an extensive 
pollen study. Location of the 19 bogs presented in this paper is shown 
in Fig. 1. 

The Pleistocene of Quebec 


There are perhaps few areas in North America with so complex a Pleistocene 
and post-Pleistocene history as the region about the St. Lawrence Lowland 
and southern Quebec in general. Involved were the border of the retreating 


1 Manuscript received February 4, 1953. 
Contribution 253 from the Botany Laboratory of Butler University, Indianapolis, Indiana. 
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Laurentian icecap, the marine invasions of the valley itself, border lakes 
caused by the ice barriers (like Lakes Frontenac and Iroquois), local glaciers 
in the Shickshock Mountains, and also persistence of local glaciers on the 
Laurentian Shield after melting back of the continental icecap had been 
concluded. 

Antevs (1) assumes from various geological evidences that the ice front at 
the time of the drainage of Lake Frontenac “‘stood south of Montreal with an 
east-west trend, and varved clays in southeastern Quebec indicate that the 
uncovering of that region took a long time’. The same author is of the 
opinion that the ice front retired to the vicinity of Quebec before the com- 
mencement of the marine stage. Fairchild (9) presents data whjch indicate 
that marine waters very likely passed over the summit of Mount Royal. 

The most specific inferences on conditions in southern Quebec during 
closing Pleistocene times are presented by Flint (10). We quote him at 
length: ‘There appear to have been at least two distinct marine incursions. 
The earlier, the Champlain Sea proper, left its mark at the present altitude of 
700 feet near Ottawa and possibly flooded a part of the basin of Lake Ontario. 
As the lagging crustal uplift proceeded, emergence gradually took place to 
the extent of about 500 feet. Then a long pause in the uplift, probably caused 
by a climatic change that reduced or halted deglaciation in this region for a 
time, permitted the rising sea level, fed by meltwater from wasting glacier 
ice elsewhere, to record a second incursion. This raised the sea level in the 
St. Lawrence Lowland about 50 feet and constituted the phase that has been 
called the Ottawa Sea. This event seems to have occurred during the time 
of Lake Algonquin IV. Thereafter upwarping set in and the St. Lawrence 
Lowland emerged from the sea to its present position.”’ 

Coastal areas no doubt were also submerged. In fact, as ice wasted, even 
the lower slopes of the Laurentian Shield may have been covered by sea water. 

With regard to local glaciers, most recent discoveries have been reported 
by Osborne (17) who states that a “‘local ice cap developed in an elevated 
region of Parc des Laurentides after retreat of the Laurentide ice sheet from 
the vicinity’. One of the tongues of ice extended a long distance up the 
valley of the St. Lawrence. He suggests a second local glacier on the Morin 
monadnock north of Montreal. 

In view of this Pleistocene history it seems impossible that forests had 
invaded the St. Lawrence Lowland before the close of the Lake Algonquin IV 
period, and the Laurentian Shield itself could not have become occupied 
until persisting local glaciers had wasted and land emerged. 


Forest Cover Types of Quebec 


For information on forest characteristics and distribution in Canada during 
more recent historical times, one automatically turns to the publications of 
Halliday (13), and Halliday and Brown (14). Their classification is especially 
helpful because it is not too large-meshed, and so brings variations into the 
picture. The pollen study involves bogs located in two of Halliday’s (13) 
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major regions, i.e., the Boreal Forest (B) and the Great Lakes-St. Lawrence 
forest region (L). Six sections are represented in the geographical location 
of the 19 bogs. These are: B-1, B-7, L-2, L-4, L-6, and L-7. 

The author gives the following descriptions of the vegetation in these 
several divisions: ‘‘B-1 is known as the northeastern coniferous section. 
The forest consists chiefly of balsam fir, black spruce and white birch. Jack 
pine occurs on suitable sites.” The bog located here is St. Siméon (No. 8), 
and near the border of this section are Riviére Eternité I and II (Nos. 6 and 7). 

“B-7. Asection of intermediate nature. The forest cover is a mixed one, 
black spruce, balsam fir, and white birch with scattered white spruce and 


aspen.... On rocky shores and also on ridges there is some presence of white 
and red pine.... The prevailing swamp association is black spruce and 
tamarack.... Jack pine occupies dry ridges and sandy flats.”” The bog 


located here is Lac des Loups (No. 19). 

“L-2. The general character of the tree cover is broadleaved. There is a 
fair representation of coniferous element, which previous to settlement was 
probably more extensive. The dominant association is made up of sugar 
maple, beech, small amounts of yellow birch, elm, basswood. There are 
patches of hemlock, white spruce, balsam fir and some white pine. On light 
soil is an association of white and red pine. Black spruce is found in wet 
areas.’ Bogs located here are: Ste. Victoire (No. 9), St. Janvier (No. 12), 
Lanoraie (No. 10), Farnham (No. 11). 

“‘L-4. White pine probably reached its maximum here. General character 
is that of a mixed forest. The dominant or competitive association is one of 
sugar maple, yellow birch, hemlock and white pine. In addition are varying 
amounts of basswood, white spruce, balsam fir, beech, red oak, elm, white ash, 
red maple, white birch and large-toothed aspen. The composition changes 
somewhat to the north, as hemlock, red oak, and beech decrease numerically 
and drop out before the limits of the section are reached and the proportion 
of yellow birch, white spruce, balsam fir and white birch increases. Extensive 
areas originally supported fine stands of white and red pine with a scattering 
of other species.’’ Bogs located here are: St. Michel (No. 13), Ste. Agathe 
(No. 14), Bellerive (No. 16), Nominingue (No. 17), Nantel (No. 15), Lac 
Coupal (No. 18). 

“L-6. Relicts of boreal forest have been trapped by the St. Lawrence 
estuary and exert a strong influence. The area is marked by absence of 
hemlock. The boreal forest species, white spruce and balsam fir, are of 


considerable importance. Tops of ridges are capped with sugar maple and 
some yellow birch. ... On the slopes and rocky knolls balsam fir predominates, 
mixed with yellow birch, white birch, and originally with white and red pine. 
Jack pine appears only as isolated clumps.’’ Bogs located here are: St. 
Omer (No. 1), Amqui I (No. 2), Amqui II (No. 3), St. Fabien (No. 4), Riviére 
du Loup (No. 5). 
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“L-7. The forest consists of sugar maple, yellow birch, white and red pine, 
basswood, white elm, black ash... intrusions of white spruce, balsam fir, 


white pine, are common.”’ Bogs located in the section are: Riviere Eternité 
I and II (Nos. 6, 7). 


Methods 


Borings were made with a Hiller-type borer with 13-in. wide cylinder. 
Each core included at least one foot-level of sand, but in some cases as many 
as three feet of sand and as much as nine feet of rock flour were included. 
The effort of two men drove the borer into the bottom layers until there was 
danger of twisting off the borer. A small sample of the sediment was taken 
at each foot-level, or at times at more frequent intervals (Bogs 2 to 5), 
involving as little as an inch in depth of core, to reduce the ‘‘time”’ error to 
aminimum. Samples were placed into bottles or vials, properly labelled, and 
these were stoppered securely. 

The borer was washed after each sample taken. By aid of exploratory 
borings, an attempt was made to locate the deepest part of the bog basin. 
This was not always easy to determine because of the extensive areal expanse 
of many Quebec bogs. However, wherever possible, small kettle-type bogs 
were selected. These are also considered reliable checks for cores from 
extensive bogs. Kettle-type bogs are: St. Omer, St. Siméon, Riviére 
Eternité II, and Amqui I. Kettle bogs with undesirable central open ponds 
are: Bellerive, Amqui II, Ste. Agathe, Ste. Victoire. St. Siméon, and 
Riviére Eternité II are the most ideal kettle-type bogs with surface expanse 
not more than 500 ft. across. The mat over the Riviére Eternité bog has 
formed so recently that no samples could be taken from the dilute sediments 
at one- to three-foot levels. One foot-level of sand was included in the core. 
Bogs were also grouped in pairs for most physiographically different locations. 
Thus one bog was to serve as a check on the other. The bogs are fitted into 
the various forest divisions by Halliday (13) to associate the forest history 
with the forest of today. 

In the laboratory the easily separated samples were prepared according to 
the Geisler (11) alcohol method. Where deflocculation became necessary, a 
small portion of the peat was boiled in potassium hydroxide according to the 
method described by Erdtman (8). Each sample given the latter treatment 
was washed with water at least six times (permitting complete settling out after 
each washing). The vials were then filled with 95% alcohol and two drops 
of a 1% solution of gentian violet were added as stain. With a pipette the 
top layer of sediment in the vial was removed, placed on a slide, and permitted 
to dry to a stage where the peat was slightly moist. A drop or two of warm 
glycerine jelly was added and thoroughly mixed with the sediment. This 
constituted a supply which was transferred to several permanent slides. At 
each foot-level, 150 to 200 pollen grains of trees were counted. If pollen 
count was high, at least three slides were used in the tabulation for a foot-level. 
Pollens of shrubs and herbs as well as spores of Pteridophytes and Sphagnum 
were tabulated. 
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In the tabulation, pine pollens were listed in two groups, i.e., Pinus 
banksiana for the grains not exceeding 60 X 36 uw, and P. strobus and P. 
resinosa for those exceeding such size-range. Since this would involve an 
overlap of extremes in three ways, it was finally deemed wise to include all 
pine pollens under genus designation. 

Betula papyrifera and B. lutea were separated on basis of size and general 
contour of the pollen grains. All grains, 27 uw or over across the widest 
diameter, more or less rounded in outline (Fig. 7), were classed as Betula lutea. 
Betula papyrifera pollen has a marked triangular appearance and is smaller 
in size. 

At this point it may be well to point out a few of the difficulties which are 
encountered in the analysis of the pollen data. It is a well-recognized fact 
that efforts to reconstruct past events, whether historical, archeological, 
geological, or paleontological, are hampered by omissions in records or by 
merging characteristics of objects under consideration. Pollen analysis is not 
exempt from these. Merging differences in pollen may at times make it 
impossible to separate species which represent significant ecological and 
climatic conditions. In the present study this difficulty is encountered with 
three species of northern pines. It is indeed unfortunate that Pinus banksiana 
pollen cannot be completely separated from those of P. strobus and P. resinosa 
without involving a three-pronged overlap of approximately 25% each way. 
Even though the overlap might equalize itself at the time of greatest abun- 
dance of the species involved, there will always be a disturbing uncertainty. 
The under-representation of entomophilous species is a very serious defect in 
a tension zone like lower Quebec, where an important climatic indicator like 
Acer saccharum does not even approach the significance which it without 
doubt should have in the pollen profile. Compare the significance of maple 
in Halliday’s section L-2 with its percentage in profiles 9-12. Annoying, to 
say the least, is the poor preservation of pollens from Populus, Thuja, Larix, 
and very likely also from Salix and Fraxinus. Then there is the latent 
probability that Pinus banksiana may contribute too much pollen because of 
greater productivity than other genera and species. However, even with 
these qualifications, much of the pollen record constitutes very definite and 
reliable evidence of past events. While we should not and cannot use pollen 
profiles to solve all climatic and vegetation problems relating to postglacial 
influences, they can very well picture the major changes and the dominant 
tree genera which constituted primary succession in these vanished forests. 
Their descriptive value with respect to forest composition is probably as 
reliable as an account by a trained observer who has merely walked through 
a forest and then presents his impression, but no quantitative data. 


Pollen analysis finds application in three types of study. The first of these 
is interpretation of the ecological factor complex. The study of forest history 
and vegetation types as such must take into account microclimatic as well as 
macroclimatic controls. The tendency in pollen studies seems to be toward 
neglect of this important phase of the analysis. Secondly, pollen analysis 
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may concern itself with climate and climatic changes of the past. Here, 
unless one applies the same criteria used for interpretation of vegetation and 
climate of today, errors, of necessity, enter into the interpretation. In past 
times as now, distribution of vegetation was not controlled by simple macro- 
climatic factors but rather by a modified macroclimate determined by micro- 
climatic differences. This is especially pronounced in regions of great 
differences in physiography. The difference between the vegetation and 
vegetational history of the Gaspé and that of the St. Lawrence Lowland is a 
case in point. The third application is concerned with glacial geology and 
major sequences in glacial developments and recessions. For all these 
purposes analysis of numierous bogs of a locality is required to prevent 
significant errors in interpretation. To the writer pollen analysis is chiefly 
of ecological importance, even though the other approaches cannot be escaped 
in the final analysis, for the three form a unit. Climatic climax of forest 
stands out more clearly in a pollen profile than in an existing vegetation of a 
region, where the modus operandi is hidden by the time factor. 


Observations 


If one compares the surface levels of the bog profiles (Figs. 2-6) with the 
forest associations as described by Halliday (13), a striking correlation appears, 
after making due allowance for the poor representation of entomophilous 
species as mentioned above. To cite particularly striking examples of this 
correlation: The almost total absence of hemlock and the prominence of the 
boreal elements white spruce and fir in profiles of the Gaspé (L-6, B-1, and 
Bogs 1, 2, 3, 4, 5, 8) and the importance of hemlock as well as broadleaved 
genera in the St. Lawrence Lowland (L-2, L-4, and Bogs 9, 10, 11, 12) are in 
close agreement with Halliday’s descriptions of these regions. 

The forest history of the whole region was very similar in some respects. 
All bogs showed a prominent pine period with peaks at mid-profile, followed 
by a decline and a secondary high (which no doubt represents the peak for 
Pinus strobus and P. resinosa). All stations recorded a definite decline in pine 
at topmost levels. While abundance of the boreal spruce and fir differed 
widely between the Gaspé and Lac des Loups on the Laurentian Shield, all 
stations had a bimodal peak with a sharp mid-profile decline which almost 
suggests relic status of these genera during that period. Only in the Gaspé 
and the Saguenay localities was the initial forest a well-expressed spruce-fir 
association (Bogs 2-6), at all other localities the initial pioneer forest was 
pine—-birch with a minor element of spruce and fir. The most boreal Gaspé 
region is sharply set off from the mesic St. Lawrence Lowland proper (Bogs 
9-13) and from the semiboreal aspect of the Laurentian slope (Bogs 14-19). 

Locations within the St. Lawrence Lowland and lower Laurentian slope 
showed the best representation (Bogs 9-13) of such broadleaved genera as 
Quercus, Ulmus, Fagus, and the mesophytic conifer Tsuga. Most of them, 
however, do not have controlling abundance. These genera had only a 
scattered or, at best, a sparse representation in the Gaspé and on the rising 
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elevations of the Laurentian Shield. Chestnut (Castanea) appeared only in 
stations of the St. Lawrence Lowland and lower slopes of the Shield. It is 
not easy to interpret the meaning of Betula papyrifera. It was a consistent 
constituent of the forest after the lowermost foot-levels but never played an 
important role in the St. Omer region. It is characterized by erratic peaks 
and troughs which are difficult to fit into sharp climatic control because they 
cannot be fitted into peaks and troughs of pine, spruce, and fir nor into those 
of broadleaved elements. In other words, all climatic fluctuations seemed 
favorable to its participation in the forest association. Betula lutea seems to 
be more selective of climate. It came in during the decline of pine and 
throughout its earlier history never reached the abundance which it has at 
present in some locations on the lower slopes of the Laurentian Shield. 

Prominence of pine in the pioneer forest and early invasion by broadleaved 
genera suggests a moderated “pine climate’ at the time lower Quebec was 
opened to forest invasion. 


Discussion 


The present study is perhaps the first opportunity to correlate a series of 
pollen profiles with a detailed classification of present-day forest types. 
This has been made possible because of the excellent descriptions by Halliday 
(13) and Halliday and Brown (14) of the various divisions of the Quebec 
forests where this pollen study was conducted. The rather involved pattern 
of forest types is very indicative of physiographic complexity with resulting 
modification of the major climatic control by numerous facets of microclimate. 

While these complex vegetational patterns can thus be ascribed in part to 
differences in topography and oceanic influences, they are to a greater degree 
the expression of the complex Pleistocene history of southern Quebec and the 
long time inhibition of forest invasion by glaciers. Only on such an assump- 
tion can one explain the meager spruce-fir representation in the lowest levels 
of bogs on the Laurentian Shield (Bogs 12-19). These geological influences 
resulted in a less uniform pattern of succession than one encounters in interior 
and eastern stations south of the St. Lawrence Valley. If one glances at the 
19 Quebec profiles, the differences in forest succession among them are very 
evident and marked. In contrast, along the ice-border from Michigan to 
Minnesota (20, 29) we have a very uniform forest history and sharply defined 
successions. The same is true for the eastern border as shown by Deevey (5) 
for Connecticut, by Potzger and Otto (25) for New Jersey, by Potzger and 
Friesner (24) and by Deevey (6) for southern Maine. 

The Pleistocene barriers about the St. Lawrence Valley no doubt persisted 
while southward of it major climatic changes occurred. These barriers may 
even have modified major climatic conditions sufficiently to give rise to an 
ecotone between spruce-fir—pine and broadleaved genera. This mixed forest 
association had to ‘‘mark time”’ at the border of southern Quebec until invasion 
of the land became possible after emergence from marine or glacial lake 
submergence. If this was concurrent, as suggested by Flint (10), with the 
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close of the Algonquin IV stage of the Great Lakes, invasion of Quebec took 
place after the close of the spruce-fir period which is so prominent in upper 
Michigan and Minnesota but not on Isle Royale (22), which emerged during 
post-Algonquin time. 

The writer was at first greatly confused and disturbed when, over much 
of the extensive Quebec region, pollen profiles either lacked (Bogs 9, 10, 12, 
14, 15, 16, 17, 18, 19) an initial well-defined spruce-fir period or barely 
approached (even in the Gaspé area) this important early successional stage 
which is so well expressed in Indiana (where it is especially marked, as shown 
by Potzger (20), Guennel (12), Swickard (27) ) and northward to Michigan, 
Wisconsin, Minnesota, and Ontario (21). But as the picture was projected 
against the known facts of Quebec glacial geology, it at once became apparent 
that forest history conformed to climatic and physiographic progress. 

At first glance it seems strange that the Gaspé and Saguenay valley should 
be so strikingly more boreal than the region to the west, and except for the 
mid-profile low of spruce—-fir has always been so. However the apparent 
reason is found when one studies the isotherm lines for this section of Quebec 
as presented by Villeneuve (Osborne (17) ). His map shows that both the 
Shickshock Mountains and the Laurentide park are cold centers where mean 
annual temperatures are 30° F. Halliday and Brown (14) also describe these 
regions as most boreal, where fir constitutes up to 31% and spruce up to 60% 
of the forest association. The close correlation between present forest condi- 
tions and the pollen profiles is evidence that these regions have been and are 
climatically different from the remainder of lower Quebec. 


The status of pine in Quebec deserves special consideration, for it apparently 
was able in the past to encompass the various microclimatic facets determined 
by differences in physiography and so presents a more complete picture of the 
macroclimatic changes. Perhaps it is not quite correct to discuss pine as a 
genus, for ecologically as well as climatically, Pinus banksiana, P. strobus, 
and P. resinosa do not represent the same control factors. Of the three, jack 
pine is undoubtedly the most boreal, but has potentiality for a wide range of 
climatic factors, ranging today from Alaska to northern Indiana. Halliday 
and Brown (14) point out that jack pine has a wider range and more northward 
extension than white and red pines. According to them white and red pine 
have the southern part of eastern Quebec as their northern limits. 

While in the present study the three pines were not separated because of 
overlap in size of pollen grains, it is doubtless true that jack pine was the 
pioneer pine at all 19 stations, and the taller pines came in with moderating 
climate to contribute to the pronounced “pine period’. In the three lowest 
foot-levels the pine pollen was very small, suggesting Pinus banksiana. In 
the St. Lawrence Valley large pine pollens in abundance overlapped with the 
hemlock-oak peaks, indicating at least a partial replacement of jack pine. 
This in a way may also account for the two pine peaks. Toward topmost 
levels something happened to the pine dominance and a forest composition 
like that described by Halliday and Brown developed, i.e., a mixed forest in 
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which the boreal element of spruce—fir increased along with increased amounts 
of small pollen pine and yellow birch. The ecologist who has worked 
primarily in forest associations southward from Quebec finds difficulty in 
accounting for associations as well as distribution patterns in Quebec. In 
Mt. Tremblant Parc on the lower slopes of the Laurentian Shield, Betula lutea 
is very important, and its associates there may be Acer saccharum, Fagus, or 
Picea and Abies. The more temperate species (broadleaved) occupy the 
upper slopes and tops of the low mountains, while the boreal element is found 
on the lower slopes and in the valleys, a distribution which is difficult to 
comprehend. The lumbermen say the first timber removed from the park 
was pine, and today pines are found only as isolated individuals in a mixed 
forest of boreal and broadleaved genera. The decline of pine and increase in 
spruce and fir shown in the forest history (also mentioned frequently by 
Halliday) suggest cooling climate to the ecologist, but the abundance and 
vigorous reproduction of Betula lutea, associated in some areas with Acer 
saccharum and Fagus grandifolia, suggest moderating climate. Halliday and 
Brown (14) apparently also find difficulty in accounting for the distribution 
of jack pine in southeastern Canada today and suggest the probability that 
it is there ‘‘a receding species’. Pine declined everywhere in southern 
Quebec from the Gaspé to the lower Laurentian Shield while the topmost foot- 
levels of peat were being deposited. Civilized man has, without doubt, aided 
in the marked final decline, but it looks as if pine (white and red) had difficulty 
in maintaining themselves before the axe of the lumbermen ever touched 
these primeval forests, and since lumbering days have been unable to recapture 
even the modest representation which they formerly held. The difficulty 
seems to be the lack of adequate reproduction which is a characteristic failing 
of species no longer favored by climate. Involuntarily one wonders what 
climatic factors combined to find expression in the great universal pine period. 
The author (22) found this pine climax on Isle Royale during early post- 
Algonquin IV and post-Nipissing times. He also found that in northern 
Wisconsin and Michigan (18) the universal pine maximum waned with the 
advent of the hemlock—northern hardwoods climax on areas of clay and loam 
soils but maintained itself on sandy soil, a microclimatic setting. This still 
leaves the ‘‘bowing out” of pine a moot question. 

The whole problem of distribution as it relates to the present study is 
simplified by restricting the question of distribution centers to post-Wisconsin 
times and the borders of the continental ice sheets. Pollen studies support 
the Halliday and Brown (14) hypothesis that the eastern coastal plain con- 
stituted a center of distribution. Potzger (23) considers unglaciated southern 
New Jersey a refugium during glacial times and cites the pollen profile from 
Tuckerton Tidal Marsh with 20 ft. of peat as evidence. It began as a fresh- 
water deposit and so without doubt existed since a low water stage of the 
Atlantic. Here is indicated a rather static vegetation of mixed conifers 
(including spruce and fir) and broadleaved forest. Typical succession in 
New Jersey from an initial spruce-fir period is not evidenced south of the 
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end moraine region (Potzger (19, 23) ). Southern New Jersey and the 
exposed coastal plain could therefore have constituted a center of distribution 
for genera included in the various stages of succession which invaded New 
England and Quebec. 

In the field of pollen analysis, assumptions as well as correlations with present 
day boreal conditions play a very important part, especially in the less deter- 
mined forest history of the ecotone area where a very sparse tree population is 
in process of establishing a foothold in tundra. In the many pollen profiles 
from Ontario and Minnesota, across Wisconsin, Michigan, south to Indiana 
and Ohio, eastward to New Jersey, Connecticut, and southern Maine, no one 
has been able to find absolute evidence of a tundra at the border of the 
continental ice sheets of Tazewell, Cary, and Mankato times, until Deevey (6) 
discovered a high percentage of grass and sedge pollen which he interpreted 
as tundra. If tundra were really universally present at the borders of icecaps 
which had pushed into mid-latitudes, as postulated by Deevey, one wonders 
why spores of mosses and lichens are seldom, if ever, encountered. Tundra 
conditions are well shown in Wenner’s (28) excellent profiles from Newfound- 
land and Labrador (pp. 332-338). His study shows that Cyperaceae, Alnus, 
and ericads, together with spores of mosses and ferns, rather than pollen of 
grasses, characterize the tundra. 

Habitat seems to play a vital part in establishment of tundra. Marr (16) 
shows that in higher latitudes today, where low temperatures no doubt are 
more prolonged and lower than they were in latitudes around the great lakes 
and southward, tundra exists only because of lack of soil where trees might 
find a foothold. He presents excellent photographs showing trees 40 to 50 ft. 
tall penetrating deeply into tundra territory where soil in rock cracks offered 
a suitable habitat. There is thus the probability that in areas of deep soil 
south of the Canadian border trees may have crowded to the very edge of 
glaciers as they do in Alaska today. It is also much more likely that the 
sparse pollen representation of spruce, fir, pine, and birch in the lowermost 
levels of peat came from such pioneer invaders rather than by long distance 
transfer (as Deevey postulates) from forests far south of the glacial border. 
Marr’s (16) excellent photographs of vast barren areas with scattered small 
colonies of trees in protected places suggest conditions which would result in 
sparse pollen representation in lowest levels of bogs. Low latitude may well 
have placed the border of icecaps near the 14° C. July isotherm which marks 
the tree limit in Canada today. 

It is especially unfortunate that Deevey (6) makes such sweeping assump- 
tions with reference to pollen analysis and techniques in the field and sources 
of peat analyzed. He infers that most workers ceased boring when sand was 
encountered, which is not in agreement with fact. Other workers have 
included sediments of sand, clay, and rock flour which could never have been 
touched with a flimsy Davis borer, nor could they have been penetrated with 
the power of one worker. The writer has never found reliable evidence of 
tundra in samples from bogs, neither in borings from Douglas Lake, Michigan 
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(200 ft.), Tippecanoe Lake, Indiana (180 ft.), Winona Lake (26), Indiana 
(84 ft.), nor in a series of lakes of Anoka County, Minnesota (29), where up 
to 10 ft. of sand was obtained with the Wilson sampler. 

In the present Quebec study at least one foot-level of sand was included in 
each profile. Nowhere was tundra encountered, not even in the deep Riviére 
Eternité and St. Siméon bogs. 

The author echoes Deevey’s (6) warning against use of raised bogs. They 
are likely (not necessarily) to be truncated in bottom layers and also at top 
layers. At least top layers would probably have a compressed time scale. 

While, in general, profiles of the present study are quite similar to those 
of Deevey as regards pine, birch, and hemlock, it is impossible to recognize 
all the climatic changes which he claims. 

Auer (2) recognized in the St. Lawrence valley climatic stages corresponding 
in a general way to the Boreal, Atlantic, sub-Boreal, and sub-Atlantic post- 
glacial periods of Europe. However (as already pointed out by Deevey) he 
omitted too much of the lowest and uppermost sections of sediments. His 
profiles fail to show the universal final marked decline of pine, although some 
decrease is evident even in his truncated upper profiles. Because of the 
truncation below he missed the earliest warm period which was succeeded by 
rise of spruce—fir after deposition of one to three foot-levels of peat, indicating 
deterioration of climate. Since he missed the earliest forest history, Auer 
may have assumed the ‘‘deteriorating’’ phase to be the initial boreal phase 
which apparently is absent in Quebec, but marks the spruce-fir period farther 
south. In this respect the Quebec profiles differ strikingly from those of 
bogs to the south, and the difference correlates well with Osborne’s recent 
discoveries of the development of local glaciers following wasting of the 
Laurentide cap, themselves an expression of deteriorating climate. St. 
Fabien and Riviére du Loup situated near the point of local glaciation on the 
Laurentide Monadnock are exceptional in that they fail to show the initial 
warm period, which may mean that their profiles are truncated, since they 
are both raised bogs. 


While the bogs on the Laurentian Shield (Bogs 12-19) north of Montreal do 
not indicate a prominence of spruce-fir like those of the Gaspé, they fit into 
the same general pattern of succession. Pollen profiles thus correlate well 
with known glacial history of lower Quebec as well as with present-day forest 
types. By way of summary, it can be said that major climatic fluctuations 
and changes during the time that forests occupied Quebec have been :(1) an 
initial warm period when the Laurentide icecap shrank; (2) deteriorating 
climate which favored extensive local glaciation and increase in spruce and 
fir; (3) a decided warm, dry period which very likely brought local glaciation 
to a close, gave expression to a prominent pine peak, and caused a great 
decline of spruce and fir; (4) a warm moist period when Tsuga and broad- 
leaved genera increased, and in some locations, especially in the Gaspé, there 
was increase in pine; it was no doubt during this period that hemlock migrated 
northward to the Matamek River of coastal Quebec as reported by Bowman 
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(3); (5) deteriorating climate which was marked by increase in spruce-fir and 
paper birch, the near extinction of pine and hemlock, and increase of yellow 
birch. At this time a rare genus, Castanea, appeared in the St. Lawrence 
valley and lower Laurentian Shield (9, 11, 12,14). The stage of forest history 
marked by its entrance is similar to that found in New Jersey profiles by 
Potzger and Otto (25). While Castanea became extinct in Quebec, it still 
maintains a precarious hold in Ontario (15). 

These general vegetational changes varied considerably in different physio- 
graphic regions of Quebec, as indicated by the following summary table. 


Gaspé | St. Lawrence Lowland Laurentian Shield 





| 
, : , se se 
5. Colder and} Spruce-fir, paper| Increase of spruce-fir,| Spruce-fir, decline of pine 


moist | birch, decline of} paper’ birch, — broad- and hemlock, increase 
| pine | leaved genera, yellow of paper birch, yellow 
birch, appearance of birch. Declining oak 
| chestnut, decline of pine} and beech 


| and hemlock | 


4, Warm, moist | Pine, paper birch,] Hemlock, pine, beech, and| Pine, hemlock, yellow and 


| yellow birch,) other broadleaved| paper birch, low beech 
| beech intrusion, genera; rising spruce-| peak, spruce-fir  in- 
| decreasing oak fir crease, persistent low 
| | oak 
3. Warm, dry Pine, decline of] Pine peak, decline of paper| Pine peak, increase in oak. 
spruce-fir, in- birch and hemlock.) Decrease in paper birch. 


crease of broad- 
leaved genera 


Spruce-fir. very low. 
Increase in oak 


2. Colder, moist | Spruce-fir, decrease} Spruce-fir higher. Small 


| in pine, increase} 
in paper birch.| 
Some oak 





decrease in pine, small 
increase in paper birch. 
Increase in oak and 
other broadleaved 
genera 


| Very low spruce-fir 


Spruce-fir increase, slight 
decrease in pine, slight 
increase in paper birch 


1. Initial warm) Pine high, spruce-| Pine high, spruce-fir low,| Pine high, low spruce-fir 


period fir low, rising! 
paper birch, some 
oak 


low hemlock peak, rising 
paper birch, low oak 
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THE ACTION OF WIND IN THE DISPERSAL OF SPORES FROM 
CUP-SHAPED PLANT STRUCTURES! 


By HAro.p J. BRopIE? AND P. H. Grecory® 


Abstract 


Observation of Lycopodium spores in glass vessels of various sizes and shapes 
subjected to winds ranging from 0-6 to 7-1 meters per second showed that 
spores are blown from funnel or egg-cup-shaped vessels more readily than from 
rectangular vessels or horizontal glass slides. Lycopodium spores were not 
visibly dispersed from a conical funnel with mouth 4 cm. diameter at wind 
speeds below 3 meters per second. Soredia of the lichen Cladonia were blown out 
of their funnel-shaped podetia by winds of 1-5-2 meters per second (3-3-5-3 
miles per hr.) although no soredia were blown from a horizontal glass slide at the 
same wind speeds. When smoke flowed over conical glass funnels in a wind tun- 
nel, two eddy systems were observed. The first took the form of twin vortices 
with almost vertical axes, one on either side of the median line in the funnel. 
Each vortex was smallest at the narrowest part of the funnel and widened 
upwards. The second system was a single permanent elliptical eddy with 
horizontal axis near the funnel mouth. The upper side of this eddy moved 
with the wind, the lower against it. Thus, across the median line of the funnel 
parallel with the air stream but in the opposite direction, there is a flow of air 
made up of the mingling of the bottom part of the permanent elliptical eddy 
and the inner edges of the two vortices. It is assumed that, in nature, the 
two eddy systems created by wind blowing over funnel-shaped plant structures 
will effectively remove spores and bodies of comparable size. ‘The twin vortices 
suck spores from the bottom of the funnel and the rotation of the upper elliptical 
eddy raises the spores along the upwind wall of the funnel and ejects them 
into the wind above. In a hemispherical plant structure, a single permanent 
eddy carries spores backwards and up the upwind surface. This kind of dispersal 
could occur in a variety of plants, including Discomycetes and wind-pollinated 
plants. 


Introduction 


The reproductive bodies produced in cup-shaped structures by many crypto- 
gams are efficiently dispersed by rain, but there are some cups from which it 
seems improbable that splash dispersal takes place. For example, although 
Brodie (2) showed that soredia can be splashed from the podetia of the lichen 
Cladonia, he also observed that they escape more effectively when dry. Dis- 
cussing such problems led us to wonder whether wind might play some as 
yet unrecognized part in removing and scattering spores from cupulate 
fruit bodies. We thought that air flowing over a lichen cup might create 
enough turbulence inside to lift the spores into the main stream, and the 
experiments we describe show that this can happen. Not all our results are 
conclusive, but it is hoped that their publication will stimulate further 
research on the subject. 

Observations and experiments of various kinds were made in the small 
wind tunnel described by Gregory (3). Wind speeds used ranged from 0-6 
to 9-5 meters per second; sometimes the air was streamlined and at others 
it was made turbulent by placing a metal grid in the tunnel. It did not 
appear to make any appreciable difference to the results whether streamlined 
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or turbulent air was used. In most experiments the air was turbulent. 
The flow of smoke over funnels was observed, and the ability of wind to remove 
spores from glass funnels and other vessels and from Cladonia cups and the 
cupulate sporangia of some Myxomyctes. Smoke was generated by the 
method described by Preston and Sweeting (6). In some tests the scattering 
of spores was observed visually; in others, spores were caught on glass slides 
in the Cascade Impactor (May (5)). 


Flow of Smoke over Glass Funnels 


Smoke was injected into the wind tunnel from a small tube at a point 
6 cm. upwind of the object being examined. Conical glass funnels of various 
sizes and shapes were tested, the one most frequently used being 4 cm. in 
diameter at the mouth and having sides sloping 60° from horizontal. In 
this and other experiments involving glass funnels, the tube ends of the 
funnels were sealed to prevent any sucking in of air from below. 

In conical glass funnels two eddy systems developed. When wind moving 
0-5 meters per second carried the smoke over the funnel, turbulence within 
the funnel was clearly observed. The pattern made by the smoke is shown 
in Fig. 1. Two vortices formed, one on either side of a median line in the 
funnel (Fig. 1, V and V;). The twin vortices were smallest at the narrowest 
part of the funnel and widened upwards. They could be seen from any 
angle but were clearest when observed from directly above and they were 
photographed from that position (Fig. 2). 




















Fic. 1. Diagram of eddy systems developed by smoke flowing over funnel at 0-5 meters 
per second: S, single permanent eddy in mouth of funnel; V and Vi, twin vortical eddies. 
Arrows show direction of smoke flow. X 1-5 approx. 
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From repeated observation it was concluded that the twin vortices formed 
first near the top of the funnel and developed downwards, but it was difficult 
to be certain of this. 


The second eddy system took the form of a single permanent eddy of ellip- 
tical outline (Fig. 1, S), the upper side of which moved with the wind, the 
lower against. This eddy could be seen best from the side and usually not 
at all from above. Efforts to secure a clear photograph of the elliptical eddy 
were not successful. 


It is suggested that the development of the three eddies can be explained 
in terms of viscosity of the air and friction with the walls of the funnel. The 
wind flowing over the top presumably drags the air in the upper part of the 
funnel forward to be replaced by air drawn up the inside of the windward 
wall. This process sets the air in the upper part of the funnel rotating about 
a horizontal axis at right angles to the direction of the wind. The direction 
of flow of this upper eddy is with the wind above the axis, and against the 
wind below the axis. The upper eddy in turn transmits rotation to the air 
held in the lower part of the funnel, where friction with the walls predominates, 
and two eddies with vertical axes are established, one on each side of the center 
line of the funnel, which line is parallel to the wind direction. The two 
eddies can be seen to rotate in opposite directions, against the wind along 
the mid-line where the effect of the lower part of the horizontal eddy is 
greatest, and with the wind at the sides of the funnel where the drag of the 
wall is greatest (Fig. 1). 

Smoke behaved in essentially the same way in all sizes of funnels tested, 
but it was more difficult to see the patterns clearly in funnels less than 4 cm. 
in diameter. At wind speeds of 1 meter per second and higher, internal 
turbulence was plainly observable but the twin vortices were less clearly 
defined and they shifted rapidly from side to side. No extensive experiments 
were performed to test the effect of tilting the funnel. However, it was 
observed that the pattern of turbulence was not changed greatly within any 
angle that would correspond to slight deviations of orientation of naturally 
occurring plant cups from the vertical position. 

Smoke flow over a glass thistle-funnel was next examined. The thistle- 
funnel used was of the usual type, hemispherical and with flared mouth 4 cm. 
in diameter. Observations were made with wind speed of 0-5 meters per 
second. Two distinct lateral vortices were never identified with certainty, 
although at times lateral whirling of the smoke suggested their presence. 
Instead, the motion of smoke within the thistle-funnel assumed the form of a 
single eddy which followed the interior contour and moved with the wind 


at the orifice and contrary at the base of the glass hemisphere. Reflection 
from the curved surface of the thistle-funnel made a satisfactory photograph 
of this eddy impossible to obtain. 
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Effect of Wind on Lycopodium Spores in Funnels and Other 
Glass Vessels 


In this series of experiments, various glass receptacles were chosen to 
represent plant cups. The dispersal of Lycopodium powder from these was 
watched at wind speeds ranging from 0-6 meters per second to 7-1 meters 
per second. Each receptacle, in turn, was placed in the center of the wind 
tunnel in such a position that the orifice was 7-5 cm. above the floor of the 
tunnel. 

Five receptacles were used, each having an orifice diameter of 4-5 cm. 

(A) An egg-cup, the cup portion of which had gently sloping sides and 
was 2-5 cm. deep. 

(B) An egg-cup, the sides of which were steeper than those of A. 

(C) A small glass funnel with sides sloping at 60°, and 3 cm. deep. 

(D ) A lipless glass beaker with vertical sides and 6 cm. deep. 

(E) A rectangular glass container, 2-5 cm. deep. 

Lycopodium powder was placed in each receptacle to within 1 cm. of the 
orifice. Its dispersal was shown by the visible stream emitted from the 
receptacle, and no effort was made to trap spores to determine whether or not 
they were being dispersed when none could be seen. The results of these 
experiments are shown in Table I. 


In these experiments, spores were not visibly dispersed at wind speeds 
below 3-0 meters per second, although it is quite likely that spores were being 
moved in concentration too low to allow the spore cloud to be seen. At 3-0 
meters per second and at higher speeds, spores were seen to stream from three 
of the receptacles having a circular orifice (A, B, Cin Table 1). At 4-0 meters 
per second, all vessels with circular orifice gave off spores. No spore cloud 
could be seen above the rectangular vessel E at any wind speed used. 


TABLE I 


VISIBLE STREAMING OF Lycopodium SPORES FROM VARIOUS GLASS VESSELS AT 
VARIOUS WIND SPEEDS 














Wind speed in meters per second 
Type of vessel — ———— —~———— 

0-6 3-0 4-0 | 5-4 7-1 
A—Egg-cup with sloping sides 0 4 co oo © 
B—Egg-cup with steep sides 0 ao © © ox 
C—Funnel with 60° sides 0 + co cS re) 
D—Beaker with vertical sides 0 0 + + ro) 
E—Rectangular vessel 0 0 0 0 0 




















Note: 0 = no visible dispersal; + = barely visible dispersal; 
co = abundant dispersal. 
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It was further evident that the four receptacles having circular orifice 
were emptied of their spores at different rates; the funnel C emptied first 
and emitted spores continuously; the egg-cup with parabolic sides (A ) 
emptied second, followed closely by egg-cup B; the beaker D emptied last 
in all trials. 

Although the quantity of spores in each container was only approximately 
the same, the rate at which spores were emitted from the different vessels was 
so strikingly different that the observations, though not quantitative, appear 
to have some significance. The experiment was repeated three times. 

From this it would appear that air flowing over a cup-shaped receptacle 
can disperse spores from it, whereas, at the same air speed, spores are not 
removed appreciably from a rectangular container. This may be because 
the bluff upwind face of the rectangular container produces an edge-shadow 
effect which prevents strong eddy systems forming below the orifice. Further, 
spores are apparently removed more readily from a cup whose inner surface 
is approximately parabolic than from one whose sides slope very steeply. 
There is also a critical wind speed for vessels of given dimensions, and for 
spores of given size and mass, below which spores are not readily removed by 
wind from cupulate containers. 

Photographs were taken to show the Lycopodium powder being blown from 
the glass funnel (Figs. 4,5). Because of the high degree of contrast obtained 
when low angle illumination was employed to show the spore cloud, these 
photographs do not show the turbulence within the funnel as clearly as do 
the photographs of smoke flow. The significance of the appearance of the 
spore material in the photographs will be discussed later. 


Experiments with Plant Cups 


I. PoDETIA OF THE LICHEN Cladonia 


Abundant living cupulate podetia of Cladonia pyxidata Hoffm. were 
collected near Hoos’ Field, Rothamsted Experimental Station, Harpenden, 
England, on Oct. 10, 1952. The specimens were kindly identified by Mrs. 
F. L. Balfour-Browne of the British Museum (Natural History). The 
largest lichen cups were 1 cm. high and 0-6 cm. in diameter at the mouths. 





Fic. 2. Pattern of smoke flowing at 0-5 meters per second from right to left over 
conical funnel in wind tunnel. The streak at right is smoke flowing from small outlet. 
Within the funnel may be seen the twin vortices referred to in the text, the lower one 
slightly larger than. the upper at the moment of photographing. Photograph taken from 
above funnel. XX 34. 


Fic. 3. Same object as Fig. 2, photographed from side. Turbulence on downwind side 
of funnel (left) and streamlined flow of smoke over funnel are noteworthy. X %4. 

Fic. 4. Lycopodium spores being blown out of funnel by 3 meter per second wind. 
Curved outline of spore cloud following elliptical eddy in mouth of funnel and accumula- 
tion of spores on upwind side of funnel (right) are shown. White line on left side of 
funnel is a high light. XX 34. 

Fic. 5. Lycopodium spores being blown out of funnel as in Fig. 4 but photographed 


from above. The concentration of ." above and below the center probably indicates 
the position of the twin eddies. X 3 
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The cups contained many soredia varying in size from 30u to 400u, most 
being between 30 and 40u. 

A clump of 12 dry lichen cups was fixed in the wind tunnel 14 cm. above 
the tunnel floor and 1 meter from the ‘‘Cascade Impactor”’ in which soredia 
were trapped. In successive tests, the lichen cups were exposed for 10 min. 
to winds of 1-5, 2:4, 3-6, 4-0, 5-0, and 8-1 meters per second. 

In another set of experiments, the lichen cups were filled carefully with 
Lycopodium powder by means of a small pipette and again spores were trapped 
in the “Cascade Impactor’’. The results are shown in Table II. 

Spores caught on ‘‘Vaselined”’ slides in the ‘“‘Cascade Impactor’’ were not 
counted and the results have therefore only a general comparative value. 
Slides were scored as +, if there were only two or three spores or soredia per 
low-power field or if several fields had to be searched to find any spores. Slides 
scored © had at least 12 spores or soredia per low-power field. 

Taking a wind speed of 2 meters per second as near the lower limit for 
removing living soredia from lichen cups, control experiments were performed 
by placing a mass of soredia on a dry slide, laying the slide horizontally in 
the wind tunnel, and subjecting the preparation to a 2 meter per second wind 
for 10 min. A similar experiment was also made with Lycopodium powder. 
In neither experiment were any spores blown from the flat surface or, if they 
were, they were not caught on the slides in the impactor. As pointed out by 
Bagnold (1), dust particles on a flat surface are protected by the boundary 
layer of air close to the surface, and are not readily removed by wind. 

From these experiments, it would appear: 

(1) That soredia of Cladonia are effectively removed by wind blowing over 
dry podetia. 

(2) That the lower limit for this dispersal is a wind speed of about 2 meters 
per second. 

(3) That soredia are not blown away from a flat surface by a wind of 2 
meters per second. 

(4) That other spores (of dimensions comparable with those of Cladonia 
soredia) are also readily removed from the lichen cups by wind of 2 meters 
per second. 


TABLE II 


COMPARATIVE DENSITY AT DIFFERENT WIND SPEEDS OF DEPOSIT ON GLASS 
SLIDES PLACED 1 METER FROM LICHEN CUPS 








Wind speed in meters per second 
Nature of material —— siichceletiang ap chistes 




















0-6 | 1-5*| 2-4 | 2-8 | 3-0] 3-6 | 4-0 | 4-7 | 5-0 | 8-1 
Living soredia of Cladonia 
(30-75) 0 -+ “p- foe) foe) 
Lycopodium spores 
30) 0 0 a oa co co oo | as) 
| 




















Note: 0 = no spores; + = very few; © = very abundant. 
* 3-3 miles per hour. 
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II. MyxOMYCETE SPORANGIA 


It seemed desirable that the cupulate sporangia of Myxomycetes such as 
Craterium and some other genera should be tested for spore dispersal under 
conditions of known wind velocity. Mr. H. J. Howard, of Norwich, England, 
kindly provided several species. Those examined included Badhamia 
utricularis Berk., Comatrichia typhoides Rost., Craterium leucocephalum Ditm.., 
Craterium minutum Fr., Fuligo septica Gmel., Physarum nutans Pers., Trichia 
affinis de Bary (names and authorities as given in the revised Lister list 
Guide to the British Mycetozoa, London, 1919). 

In all experiments, spores were blown from Myxomycete sporangia by a 
wind of 0-5 meters per second, but spores did not appear to be removed by 
wind any more easily from cupulate sporangia than from noncupulate 
sporangia. 


General Remarks 


The observations recorded above support the suggestion that spores and 
other reproductive bodies may be more readily blown by wind from cupulate 
plant structures than from flat surfaces. 

By studying the flow of smoke over glass funnels in a wind tunnel, it can 
be demonstrated that marked turbulence develops within the funnels. The 
vortices shown by smoke in funnels are probably also developed in funnel- 
shaped plant structures and may be effective in sucking spores out of them. 
While watching the dispersal of Lycopodium powder from a funnel in the wind 
tunnel, the action of the vortices in sucking spores from the bottom of the 
funnel is clear. Presumably the air in the vortices moves faster than that 
outside the funnel and in this way spores are lifted towards the main air 
flow. The rotation of the upper eddy raises the spores up the upwind wall 
of the funnel and ejects them into the wind above. Even in a hemispherical 
cup, where twin vortices were not observed with certainty, rotatory turbulence 
is apparently very effective in bringing spores up from the bottom of such 
acup. There is little doubt that the Lycopodium powder in the funnel shown 
in Fig. 5 was being moved by vortices similar to those which show in the 
smoke in Fig. 2. Some indication of the action of these vortices is seen in the 
accumulation of powder at both sides of the center. 

Spores were not removed by wind from a rectangular vessel. The bluff 
vertical side presented by this vessel to the wind deflected the wind over the 
side and presumably prevented the development of permanent eddies seen in 
the relatively streamlined funnels. 


It appears that cupulate structures in nature may be related with spore 
dispersal by wind in two ways. 


(1) Cupulate and funnel-shaped bodies serve to elevate the spore mass 
sufficiently to ensure escape from the relatively still air in contact with the 
ground or other substratum, with the result that any particles emitted are 
released into freely moving air. 
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(2) Air moving over plant cups creates eddies within the cups sufficient to 
move spores upwards from the lower part of the cups towards the main air 
flow. In conical funnels of various diameters from 2 to 4 cm., this turbulence 
takes the form of vortices which suck up spores and bring them into the 
horizontal stationary eddy. Ina hemisphere, a single permanent eddy carries 
spores backwards and up the upwind surface. 

By experiment, it has been shown that soredia can be blown out of dry 
lichen podetia by relatively slowly moving air (2 meters per second or less) 
and that soredia are not appreciably disturbed on a flat surface at the same 
wind speed. 

Failure to obtain positive evidence that spores are more effectively removed 
from cupulate Myxomycete sporangia than from noncupulate sporangia is 
doubtless to be explained by the fact that most of the former are provided 
with capillitium which must prevent vortical turbulence from developing 
within these sporangia. 

Caution should be exercised against making too broad an implication from 
the preliminary observations and experiments reported above. For very small 
cups and for wind velocities other than those used in this work it may well be 
that edge effects, volume effects, or area effects are important and that the 
patterns of turbulence in small plant cups of various shapes and sizes are 
different from those observed in 2—4 cm. glass funnels or hemispheres. 

To what extent the idea that cupulate bodies in plants aid wind dispersal of 
spores, etc., can be widely applied is at present unknown, but it is worth 
mentioning a few of the possibilities. Although ascospores are commonly 
puffed out of the fruit bodies of the Cup Fungi, it seems reasonable to assume 
that the turbulence within the cup created by wind blowing over it might 
aid dispersal. It is also common observation that ‘‘puffing”’, i.e., the simul- 
taneous discharge of a large number of asci, can be set off by slight gusts of 
wind. This effect may well be magnified by the turbulence created within 
the fungus cup by a slight air movement over the orifice. Furthermore, in 
still air, many ascospores shot upwards by the explosion of asci might not 
be carried out of the cup. However, when a large rotatory motion of the air 
within the cup accompanies spore discharge, it seems probable that few spores 
would fail to be carried out into the main air stream. Only experimentation 
with cup fungi will serve to evaluate these suggestions. 

Open cup-shaped fruits of flowering plants may also aid the dispersal of 
seeds by wind, and this, too, would seem to be a profitable field of investi- 
gation. 

Finally, it is interesting to mention Knuth’s (4) report that, in the wind- 
pollinated groups of species within the genus Potamogeton, and in the genus 
Triglochin, the pollen falls during the quiet weather into boat-shaped pockets 
that represent perianth segments and “‘from these it is scattered even by the 
lightest breeze’. Knuth’s observation suggests that cupulate receptacles may 
be of some significance in aiding the wind dispersal of pollen in certain higher 
plants. 
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STUDIES ON THE PHYSIOLOGY OF ELSINOE VENETA! 
By W. G. Kemp? 


Abstract 


A study was made of the effect of certain nutritional and environmental factors 
on the growth and pigmentation of the mycelium, the sporulation, and the 
ermination of the conidia of a “‘convoluted” isolate of Elsinoe veneta (Burkh.) 
Toshioa, the fungus responsible for the anthracnose disease of raspberries. This 
isolate utilized with varying degrees of efficiency various mono-, oligo-, and 
polysaccharides as well as certain organic alcohols as its sole source of carbon for 
growth. Either a nitrate, ammonium, amino, or imidazole nitrogen compound 
supported the fungus in culture. Maximum growth of the mycelium occurred 
in the presence of soluble starch and asparagine, whereas optimum sporulation 
of the conidia was obtained on media containing potato starch and sodium 
nitrate. In general, the production of conidia was markedly reduced on media 
favorable for excessive vegetative growth. Both a decrease in the volume of the 
medium and in the concentration of either a specific nutrient or of total nutrients 
adversely influenced the production of mycelium. Temperatures above 30° C. 
and below 21° C. decreased the percentage germination of conidia and restricted 
the growth of the fungus. Growth and sporulation occurred over a wide range 
of pH values. The optimum initial pH for both growth and sporulation was 
4.0. E. veneta produced conidia and grew as well in continuous darkness as in 
alternate diffuse light and darkness. Young potted raspberry plants growing 
in the greenhouse, when inoculated with conidia produced in culture, developed 
typical anthracnose lesions on the canes. 


Introduction 


Raspberry anthracnose caused by the myriangiaceous ascomycete, Elsinoe 
veneta (Burkh.) Jenkins, is the most common fungous disease affecting this 
crop in southern Ontario. Usually confined to the black raspberry 
varieties, this disease has become increasingly troublesome during recent 
years in areas where the Lloyd George - Newman 23 red raspberry hybrids 
have been introduced. Often it becomes necessary to adopt a spray control 
program for these varieties, a practice hitherto not required in this region. 





The actively parasitic stage of the organism in Ontario is a melanconiaceous 
fungus classified in the form genus Sphaceloma and characterized in culture 
by the extremely slow growth of the mycelium. Two distinct types of growth 
| of E. veneta have been recognized in culture. Isolations from several varieties 
| of red raspberry growing in the Niagara Peninsula have yielded both types of 
growth from each variety. Jenkins (6) reported the occurrence of two such 
| cultural types for many species of the genera Elsinoe and Sphaceloma, and 
included in her list the raspberry anthracnose organism. Miss Jenkins has 
described the gross cultural characters of these two variants by the terms 
“convoluted” and “pulvinate’’. The significance of these cultural variations 
is, at present, not understood. The prevalence of the “convoluted” variant 
in numerous isolations made from red raspberry varieties over the past four 


1 Manuscript received March 20, 1953. 
Contribution No. 1271 from the Division of Botany and Plant Pathology, Science Service, 

Department of Agriculture, Ottawa, Canada. 
. 2 Assistant Plant Pathologist, Dominion Laboratory of Plant Pathology, St. Catharines, 
ntario. 
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years would suggest that this type is predominant in nature. Consequently, a 
“convoluted” form of the fungus was used in nutritional and environmental 
studies to determine the optimum conditions for growth and reproduction. 


Materials and Methods 


The “convoluted” isolate of the fungus under investigation was obtained 
from the red raspberry variety, Madawaska. Its gross cultural characteristics 
have remained constant after numerous transfers. Minute colonies of the 
organism obtained from the original stock culture were used to inoculate the 
various media. 

Because of the slow growth of this fungus, it was necessary to maintain the 
cultures for at least three weeks before the final readings were taken in each 
experiment. The cultures were replicated three or four times in each series of 
tests. An incubation temperature of 23° + 1° C. was maintained during the 
period of each experiment unless otherwise stated. 

Both solid and liquid media were formulated with C.P. grade chemicals. 
The composition of the media and the quantities of ingredients in gm. per 
liter of solution were as follows. 


(1) Potato-dextrose agar 


Potato (sliced) 300 gm. 

Dextrose 20 gm. 

Agar 20 gm. 
(2) Raspberry-decoction agar 

Raspberry cane (chopped) 100 gm. 

Agar 20 gm. 


(3) Synthetic agar medium 
(a) Basal formula 


K,HPO, 2.0 gm. 
MgSO, 2.0 gm. 
NaNO; 2.0 gm. 
FeCl; Trace 

Agar 20.0 gm. 


(6) Carbon sources—see text 


(c) Nitrogen sources—see text for nitrogen compounds substituted 
for NaNO; 





(4) Synthetic liquid medium 
(a) Basal formula—as above minus agar 
(b) Carbon sources—see text 
(c) Nitrogen sources—see text 





The prepared media were sterilized in an autoclave at 15 lb. pressure for 
20 min. 

The pyrex glassware was soaked overnight in a dichromate — sulphuric acid 
solution and then thoroughly rinsed with distilled water. 
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In a study of the influence of hydrogen ion concentration on the fungus, it 
was necessary to double the concentration of agar in the potato-dextrose 
medium to permit solidification in the more acid media. Fifty milliliters of 
the modified medium was added to 125 ml. Erlenmeyer flasks and sterilized. 
The reaction was adjusted just before solidification by the addition of sterile 
hydrochloric acid and sodium hydroxide solutions in proportions previously 
calculated to give approximate pH values at unit intervals ranging from 3.0 
to 8.0. Mcllvaine’s standard solutions (4) were used in the colorimetric 
method of determining these hydrogen ion values. 

The effect of temperature on the growth of the mycelium and the germina- 
tion of conidia was undertaken during the spring of 1951 while the author 
was at Cornell University, Ithaca, N.Y. Refrigerator incubators in which 
the temperature ranged from 3° to 35° C. varying by three-degree intervals, 
except between 30° and 35° C., were utilized in the study of this factor. The 
growth rate was determined by averaging the diameters of the colonies from 
a replicated series of Petri dishes containing 10 ml. of 2% potato-dextrose 
agar. In the germination tests, droplets of a suspension of conidia in sterile 
distilled water were placed in Van Tieghem cells for continuous observation. 

Rate of growth was determined by two methods: the diameter of colonies 
was measured in millimeters with the aid of a calibrated dissecting microscope; 
the mycelium was harvested from melted agar, washed in distilled water, 
filtered, and dried at 90° C. for 12 hr. to a constant weight. 

In all instances, the intensity of the pigment was determined visually by 
comparison with Ridgway’s color standards (8). The analysis of variance 
was used to calculate a single generalized standard error for comparing 
differences between specific treatments in the same tests. 


Experimental 


Factors Affecting Growth, Sporulation, Germination, and Pigmentation of 
Elsinoe veneta in Culture 

It was established, prior to these studies, that the procedure followed in 
isolating E. veneta from its host tissue influenced the sporulation of the 
pathogen in culture. Isolates obtained directly from conidia sporulated 
readily on potato-dextrose agar, whereas those procured from pieces of diseased 
tissue rarely produced spores. The isolate under consideration was obtained 
from a suspension of conidia and sporulated well on potato-dextrose and 
raspberry-decoction agars. Early in the nutritional investigations, while 
factors which might influence the growth and sporulation of the organism 
were being studied, the use of liquid media was discarded in favor of a solid 
substrate although a liquid medium was still employed in the investigation of 
the ability of a number of carbon and nitrogenous compounds to sustain this 
fungus in pure culture. As previously mentioned, the inocula for all experi- 
ments consisted of minute colonies growing on raspberry-decoction agar. 
Although the colonies were fairly uniform in size, the number of conidia 
present on each individual colony varied. Under such conditions, it was 
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impossible to state with assurance that the differences which occurred in 
growth in liquid media resulted from the experimental treatments or from a 
competition for essential metabolites by unequal inocula. Liquid culture 
media were also found to be unsatisfactory in the study of the influence of 
specific nutrients on the production of conidia. Submerged colonies growing 
in liquid media rarely produced conidia, whereas agar media containing 
identical chemical ingredients favored abundant sporulation. 


(1) Utilization of Carbon 


The organism was cultured on the synthetic agar medium augmented by 
1% of the following carbon sources: dextrose, sucrose, lactose, soluble starch, 
and potato starch. The resulting growth was compared with that observed 
on raspberry-decoction and on 2% water agar containing 1% dextrose. 
Because of the slow growth of the fungus, diameters of colonies on each of the 
various substrates were measured at three-day intervals. Each of the growth 
curves in Fig. 1 was plotted from the mean diameters of five colonies. 

A simple synthetic carbohydrate agar medium is capable of supporting the 
growth of this fungus. Apparently, all the carbohydrates tested were able to 


28 T 


me alt 


24+ WA 


a 


22+ a - SM.+ SOLUBLE STARCH 


207 & RASPBERRY DECOCTION 





= 
= 
z 18 
= 4 
3 SM.t LACTOSE 
a 6+ | 
° 
td oj—o——0 o— 
& My 4 om ar 
« A oo 
w a 90 poo oo ee oo 
- er ° 
= Ya a ‘——4 a— 
= . ° .— 
= os e. ie SM.+ SUCROSE 
° ao 
- ° 
os 4 ’ OKA SM.+ DEXTROSE 
° 


i? en 
y ane 








Fi) ° 
— 
o4+ #0 ee ed — 6 eo—— e— 
Pp om SM.+POTATO STARCH 
024 a 
o WATER AGAR + DEXTROSE 
3 6 9 12 15 18 21 


TIME AFTER INOCULATION IN DAYS 


Fic. 1. Effect of various carbohydrates on the vegetative growth of E. veneta. SM— 
synthetic medium. 

















Oo & 


— ~ 


= Ww 











KEMP: ELSINOE VENETA 415 


furnish available carbon for growth, though with varying degrees of efficiency. 
The maximum growth after three weeks occurred on soluble starch and 
lactose; the minimum on potato starch and water agar plus dextrose. There 
appeared to be little preference on the part of the organism for either rasp- 
berry-decoction, synthetic-sucrose, or synthetic-dextrose agars. However, the 
synthetic-sucrose agar substrate stimulated the most rapid initial growth. 

When the mineral salts were omitted from the basal medium, for example, 
with water agar plus dextrose, E. veneta exhibited exceedingly poor growth. 

The fungus also grew well in the synthetic liquid medium containing 1% 
of either arabinose, xylose, galactose, raffinose, or dextrin but it exhibited 
extremely restricted growth in the liquid medium containing the organic 
alcohols, mannitol, and glycerol. 

The amount of sporulation varied with the medium used. Abundant 
conidia were produced on the synthetic agar substrate augmented with potato 
starch, whereas fewer spores were formed on the media containing soluble 
starch, lactose, or sucrose although these media supported the best vegetative 
growth. 

Pigmentation of the mycelium appeared to be influenced by the carbo- 
hydrate nutrition. As the carbon source varied, so did the coloration of 
the colony. 


(2) The Effect of Varying the Volume of the Medium 


The effect of volumetric changes of the medium on the growth of E. veneta 
obtained as a result of culturing the organism in 200 ml. Erlenmeyer flasks 
containing quantities of potato-dextrose agar varying from 20 ml. to 60 ml. 
is shown in Table I. 

The results indicate that a progressive increase in growth occurred with 
each increase in the volume of the substrate. This relationship might be 
explained on the basis of the total nutrient available or of variations in the 
moisture content of the medium. 


(3) The Effect of Varying the Concentration of the Total Nutrients of the 
Medium 
To determine the effect of a reduction in the concentration of total 
nutrients on the physiological functions of the fungus, a series of dilutions 
TABLE I 


EFFECT OF VOLUMETRIC DIFFERENCES OF AN AGAR SUBSTRATE ON DRY 
WEIGHT OF MYCELIUM PRODUCED BY Elsinoe veneta 











Volume, ml. Av. dry wt. of 3 cultures, gm. 
20 0.041 
30 0.062 
40 0.073 
50 0.081 
0.086 
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was made from the standard 2% potato-dextrose agar medium and prepared 
as agar slants in test tubes. By diluting this medium, the concentration was 
varied, but the ratios among the constituents remained unchanged. The 
organism was cultured on the undiluted medium and on each of the following 
dilutions: 1/2, 1/4, 1/8, 1/16, 1/32, 1/64, 1/128, and 1/256. Periodic 
examinations of the cultures indicated that the dilution of the potato-dextrose 
agar had a decided effect on the growth and pigmentation of the mycelium, 
the morphology of the colonies, and the production of conidia. 

Dry weight measurements of the growth made by the fungus were not 
determined since the mycelium growing on the test tube slants was negligible 
after it was dried to a constant weight. However, measurements of the 
diameters of the colonies on each of the various dilutions were recorded. 
These data, as well as the variations observed in the form of the colony, 
coloration of the mycelium, and the sporulation are presented in Table II. 

The differences in the measurements of the diameters of the colonies suggest 
that the reduction in the concentration of the potato-dextrose agar had only 
a slight effect on the amount of vegetative growth produced in a given period 
of time. It would appear that the vegetative growth on the medium diluted 
four times was equivalent to that on the medium diluted 32, 64, 128, and 
256 times. However two pronounced morphological variations of the fungus 
occurred in this experiment. On the undiluted medium and on dilutions 


TABLE II 


EFFECT OF VARIATION IN THE TOTAL CONCENTRATION OF POTATO-DEXTROSE AGAR MEDIUM ON 
THE GROWTH, MORPHOLOGY, PIGMENTATION, AND SPORULATION OF E. veneta 











bi __ Av. Pigmentation of Production 
Dilution* Morphology of colony oe “ yr of conidia** 

S/1 Compact, raised, convolute 9 Hay’s maroon, +++ 
S/2 - 7 Maroon tHoH+ 
S/4 s 6 Hay’s maroon +++ 
S/8 ” 5 Maroon +++ 
S/16 Slight marginal appression, 

compact 5 Ox-blood red +++4+4 
S/32 Marginal appression, com- 

pact, smooth 6 Ox-blood red +++ 
S/64 Extreme appression 6 Ox-blood red +++ 
S/128 = 6 Indian red +++ 
$/256 os 6 Indian red + 

















* S/1 designates the undiluted medium; the symbols S/2, S/4, etc. the standard medium 
diluted 1/2, 1/4, etc. by the addition of distilled water. 

mM ** Qualitative measurement of sporulation: ++-++ profuse; +++ good; ++ fair; 

poor. 
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up to 1/8, the mycelium was raised and compact, whereas on the more dilute 
media, scanty growth of extremely appressed mycelium was formed. Measure- 
ment of diameters of colonies is not a true index of the differences in the 
volume of mycelium in the several dilutions, as it fails to take into account 
the “piled-up” character of the fungous growth on the undiluted media. 
Visual inspection revealed that as the amount of total nutrient was decreased, 
there was a decrease in the amount of vegetative growth. This decrease was, 
however, not directly proportional to the amount of dilution. In addition, 
sporulation was influenced by the dilution of the medium. The results, 
shown in Table II, indicate that conidia were produced profusely on 1/16 
dilution, the point at which the first indication of a transition from the ‘‘raised”’ 
to the ‘‘appressed”’ type of colony was observed. Under the conditions of the 
experiment, the production of conidia was partially restricted at 1/256 
dilution, which is probably near the critical subsistence level. All other 
dilutions produced conidia in abundance. 


(4) Effect of Glucose Concentration 

The results of growing the fungus on potato-dextrose agar in which the 
sugar concentration was varied from 2% to 10% are shown in Table III. 

The data indicate that, within the limits of the experiment, progressive 
increases in the concentration of glucose in the medium resulted in increases 
in the weights of the fungous cultures, except at the 8% level. This dis- 
crepancy, which occurred on two separate occasions, is as yet unexplained. 

Moreover, the range of glucose concentration which permitted sporulation 
of E. veneta in culture was found to be less than the range for maximum growth 
of the mycelium. Sugar concentrations greater than 6% restricted the 
formation of conidia. 

Increasing the sugar concentration also resulted in a change in the pigment 
of the mycelium. On 2% potato-dextrose agar the colonies were ‘‘Cinnamon- 
buff’, whereas on 10% sugar agar they were ‘‘Hay’s Maroon’”’, a much 
deeper color. 

TABLE III 


EFFECT OF GLUCOSE CONCENTRATION ON GROWTH, SPORULATION, AND 
PIGMENTATION OF Elsinoe veneta 











Concentration, % par Bagge Production of conitie) ———— of 
2 0.084 +++ Cinnamon-buff 
4 0.169 + Cinnamon 
6 0.252 + Madder brown 
8 0.216 - Madder brown 
10 0.454 - Hay’s maroon 














* Qualitative measurement of sporulation: +++ [good;3++ fair; + poor. 
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(5) Utilization of Nitrogen 

The ability of E. veneta to utilize equimolar concentrations of 19 inorganic 
and organic nitrogen compounds in a synthetic-sucrose liquid medium was 
studied in a preliminary test. The nitrogen sources used included ammonium 
chloride, sodium nitrate, ammonium nitrate, sodium nitrite, glycine, alanine, 
valine, serine, threonine, leucine, asparagine, cystine, methionine, aspartic 
acid, glutamic acid, lysine, arginine, histidine, and albumin. The fungus 
utilized all of these nitrogen sources except cystine and sodium nitrite. The 
best growth, determined by visual inspection, was produced in the ammonium 
nitrate medium. 

Later, a study was made of the response of the organism to sodium nitrate, 
ammonium chloride, and asparagine added singly to the synthetic agar medium 
at 0.1 and 0.4% concentrations. The fungus was grown in 200-ml. Erlen- 
meyer flasks containing 50 ml. of the various media. In Table IV are listed 
the dry weights of the mycelia obtained and the effects exhibited on sporulation 
and pigmentation when the fungus was cultured on these nitrogen sources. 


TABLE IV 


COMPARATIVE EFFECT OF NaNO;, NH,Cl, AND ASPARAGINE ON THE GROWTH, 
SPORULATION, AND PIGMENTATION OF Elsinoe veneta 











Nitrogen source |Concentration, %| 3\¥sigren zr | Production of | Pigmentation of 
NH,Cl ot 0.026 _ Morocco red 
NH,Cl 0.4 0.027 - Orient pink 
NaNO; 0.1 0.026 +++ Walnut brown 
NaNO; 0.4 0.024 a le Chestnut 
Asparagine 0.1 0.134 + Walnut brown 
Asparagine 0.4 0.128 +++ Bay 

















* Qualitative measurement of sporulation: ++-+-+ profuse; +++ good; ++ fair; + poor. 


The results of both experiments show that E. veneta is able to use both 
inorganic and organic nitrogen. No significant difference in growth was 
found between the two concentrations of each nitrogen compound when a 
statistical analysis was made of the dry weights of the mycelia on the six 
media. The nature of the nitrogen source, however, proved to be highly 
significant. Media containing asparagine yielded approximately five times 
as much mycelium as did those media containing nitrate or ammonium 
nitrogen. Sodium nitrate stimulated the maximum production of conidia. 
The pigment of the mycelium varied noticeably with the nitrogen source. 


(6) Effect of Temperature 
Temperature profoundly affected the germination of the conidia. Within 
the temperature range 21° to 30° C., there were no significant differences in 
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germination. However, on either side of this optimum range, germination 
was sharply reduced. Only slight germination occurred at 15°C. and at 
18° C. whereas none was observed below 12°C. nor above 30°C. These 
results agree closely with those of Jones (7) who reported that the optimum 
temperature range for germination of conidia was between 22° and 26°C. 
whereas germination was not observed at temperatures below 11° C. and 
rarely at 15°C. 

The cardinal temperatures for growth of E. veneta on 2% potato-dextrose 
agar lay within the limits of 3° and 30° C. with an optimum range between 
21° and 30°C. Jones (7) considered the minimum temperature for growth 
to be 11°C. The discrepancy in results can be attributed to the fact that a 
suspension of conidia was used as inocula in Jones’s experiments whereas 
minute colonies of the fungus were employed in the present studies. As 
mentioned above, conidia did not germinate below 12°C. but vegetative 
growth occurred at lower temperatures. 

Temperature was also found to influence the production of the pigment of 
the mycelium. Above 6° C., the red pigment usually associated with the 
fungus was visible, but with varying degrees of intensity. Below 6° C., the 
red pigment was absent and the colonies were buff colored. In addition, low 
temperatures appeared to prevent the diffusion of the pigment into the agar 
substrate. After 21 days, discoloration of the medium by the pigment was 
visible in cultures growing at 24° C., but not in those growing at 6°C. The 
retention of the pigment by the mycelium at low temperatures is not considered 
to be the direct result of the temperature factor but more likely of a change 
in the permeability of the fungous cell. 


(7) Effect of Initial Hydrogen Ion Concentration 
The response of the pathogen to changes in initial hydrogen ion concentra- 
tion of potato-dextrose agar is shown in Table V. Observations on sporulation 
TABLE V 


EFFECT OF INITIAL HYDROGEN ION CONCENTRATION ON GROWTH 
AND SPORULATION OF Elsinoe veneta 











pH 2 Nolates get [Production of conidia® 
3.0 0.124 on 

4.0 0.200 edd 

5.0 0.183 bee 

6.0 0.128 +++ 

7.0 0.154 be 

8.0 0.141 +++ 











* Qualitative measurement of sporulation: +++ + profuse; +++ good; ++ fair; + poor. 
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and pigmentation of the fungus were recorded at the end of a 26-day incubation 
period. Dry weight measurements of the harvested fungous mats were then 
taken to determine the amount of growth of the organism. E. veneta grew 
and sporulated well over a wide pH range. Its limits of tolerance were not 
reached in these tests. The maximum growth of the mycelium occurred at 
pH 4.0 and the minimum at pH 3.0. The dry weight dropped sharply at 
pH 6.0 in all replications and rose again when the fungus was grown at pH 
7.0. Two pH optima have been reported for several fungi (2, 9). 


Typical hyaline conidia and atypical thick-walled ‘‘spores’’ were produced 
in varying numbers at different pH levels. At pH 3.0, where sporulation was 
poorest, the latter type of spore predominated. The pigmentation of the 
mycelium was not visibly altered within the range of hydrogen ion con- 
centrations studied. 


(8) Effect of Light 

Two separate experiments were conducted in which inoculated potato- 
dextrose agar slants were divided into two sets, one set being kept in con- 
tinuous darkness, the other under alternate diffuse light and darkness. 

It was found that the fungus grew and sporulated as well in continuous 
darkness as in alternate diffuse light and darkness. Morphological changes 
in the colonies were not observed under these conditions. However, the 
intensity of the pigment appeared to be associated with a light effect. Colora- 
tion was much paler in continuous darkness than in alternate diffuse light 
and darkness. 


(9) Pathogenicity of Conidia from Cultures 

Four series of tests were conducted to determine whether the conidia pro- 
duced in cultures are capable of initiating infections. The conidia used for 
the inoculations on raspberry canes were obtained from the minute colonies 
of the “convoluted” isolate growing on raspberry-decoction agar. Typical, 
restricted, hypoplastic lesions appeared on the canes of the Taylor, Gatineau, 
Madawaska, and Bristol varieties. 

Attempts to ascertain whether differences in virulence existed between 
conidia produced naturally or in culture have to date been unsatisfactory. 
Symptoms developed on the plants in each inoculation series, but the severity 
of infection in each case was so slight that the differences observed were 
not significant. 


Discussion 


The present investigation has shown that the prevailing temperature, 
during periods otherwise considered favorable for the development of 
anthracnose, could be responsible for the differential in rate of infection and in 
degree of severity observed during two different seasons. 

The germination of the conidia and the subsequent growth of E. veneta is 
inhibited in culture by changes in temperature above 30° C. and below 21° C. 
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There is no reason to believe that this environmental factor does not operate 
in the field as well as in culture. In the Niagara Peninsula conidia produced 
on lesions found on overwintering canes are regarded as the primary source 
of inoculum for spring infections. Obviously, temperatures slightly below 
21° C. in May and June, the period when the new growth is most susceptible, 
even though moisture conditions were optimum, could markedly reduce 
infection and the continued development of the disease. Both Burkholder 
(3) in New York State and Harris (5) in England agree that warm weather 
favors infection. A field temperature above 30° C. is generally not recorded 
until the months of July and August in this area. The data on hand from 
field observations over the past three years strongly support the conclusion 
that high summer temperatures check new infections and the development of 
the disease. 

The cell-sap acidity of succulent raspberry canes of some ten varieties which 
included both susceptible and highly resistant types was found to approximate 
the hydrogen ion concentration most favorable for the growth and sporulation 
of the pathogen. The slight variations in acidity of these varieties coupled 
with the fact that the organism is tolerant to a wide pH range suggests that 
the pH factor has no direct effect on infection. 


The wide capability which E. veneta possesses for utilizing carbon and 
nitrogenous compounds, both simple and complex, suggests that the enzymatic 
potentialities of this pathogen are great. There is also a diversity in the 
ability of the organism to use individual compounds. These facts indicate 
that variations in the exoenzymic potential of the fungus and in the efficiency 
of utilization by the fungus are directly related to the composition of the 
substrate. 

In addition, it appears that a variation in kind and amount of a specific 
constituent in a medium has an important effect on sporulation. The 
production of conidia was stimulated on artificial media by changes in the 
source of carbon and nitrogen, as well as by reductions in total concentrations 
of nutrients or specific nutrients. The best source of carbon and nitrogen 
found in the comparative studies was potato starch and sodium nitrate. The 
evidence that potato starch stimulates the most abundant production of 
conidia suggests that one or possibly more than one of its hydrolytic products 
might be important in the initiation of sporulation. Relatively high concen- 
trations of glucose encouraged the development of vegetative mycelium, but 
inhibited fruiting. Bolton and Racicot (1) encountered a similar effect when 
they added sugar to a raspberry extract medium. The vegetative growth 
became abundant, but no conidia were produced. 

Attempts were not made to ascertain the properties of the pigment of the 
mycelium nor to determine its importance or function, if any, in the existence 
of the fungus. However, the results of the experiments have led to the 
conclusion that temperature, light, kind and concentration of the carbo- 
hydrate, and the type of nitrogen source employed in the media, influence the 
variations noted in pigmentation. 
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Although some information has been found which bears directly on 
epiphytotics of raspberry anthracnose, no possible explanation for the marked 
difference in susceptibility existing among raspberry varieties could be derived 
from the behavior of the pathogen in these nutritional studies. 
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ANTAGONISM BY SPECIES OF ALTERNARIA AND THE ISOLATION 
OF A CRYSTALLINE SUBSTANCE FROM THE FILTRATE 
OF CULTURES OF A. RADICINA! 


By Wm. NEwrTon? 


Abstract 


Culture filtrates of five species of Aliernaria were antagonistic to Phytophthora 
erythroseptica. Those of A. radicina exerted the greatest effect and they were 
followed in order of effectiveness by A. dianthicola, A. solani, A. brasstcicola, 
and A. tenuis. The antagonistic principle in the filtrate of A. radicina was 
readily removed by activated carbon. By extracting this carbon with acetone, 
substantial yields were obtained of colorless, needlelike crystals, quite insoluble 
in water, but readily soluble in acetone, ethyl alcohol, ether, benzene, concen- 
trated sulphuric acid, and 10% sodium hydroxide. The m.p. of the crystals, 
204°C. to 208°C., and the deep pink color in solutions of sodium hydroxide 
distinguish the substance from alternaric acid. | Water suspensions of the 
crystals were much less antagonistic to P. erythroseptica than the original filtrate 
and had little or no effect upon several species of bacteria. 


Introduction 


This investigation was prompted by the observation that Alternaria radicina 
exerts a markedly antagonistic effect on species of Phytophthora when the two 
fungi are grown near one another on an agar plate (Fig. 1). The possibility 
that the antagonistic effect might be due to one or more specific substances 
elaborated by A. radicina was suggested by an announcement by Brian et al. 
(1) of the isolation from cultures of A. solani of an antifungal compound which 
they named alternaric acid. 


Materials and Methods 


The following five cultures were used: A. radicina Meier, Drechsler & Eddy 
from carrot roots, A. dianthicola Neergaard from carnations, A. solani (Ellis 
& Martin) Sorauer from potatoes, A. brassicicola (Schw.) Wiltshire from 
cauliflower, and A. tenuis auct. sensu Wiltshire from Euphorbia sp. These 
were grown on potato dextrose broth prepared by boiling potato slices in 
water (250 gm. per liter), filtering the liquid, and adding to each liter of 
filtrate 20 gm. of dextrose. The inoculum consisted of discs of the mycelial 
growth taken from the periphery of actively growing agar-plate cultures. 
The liquid cultures were incubated at 24°C. without shaking. 

Antagonism towards P. erythroseptica was measured every 24 hr. by placing 
three drops of each filtrate in penicillin cups 10 cm. from the periphery of 
actively growing agar-plate cultures as illustrated by Fig. 2. The results 
were recorded as the ratio of normal growth in diameter to growth as restricted 
by the diffusion of the filtrate from the cups. 

The antifungal substance or substances were removed from the filtrate of 
A. radicina cultures by shaking it with activated carbon (5 gm. per liter), 

1 Manuscript received March 12, 1953. 
Contribution No. 1268 from the Division of Botany and Plant Pathology, Science Service 


Department of Agriculture, Ottawa, Canada. 
2 Officer-in-Charge, Laboratory of Plant Pathology, Saanichton, B.C. 
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without adjusting the pH, followed by filtration. The resultant carbon was 
extracted with acetone, filtered, and distilled at 50°C. The residual mass of 
crystalline material was purified by recrystallization from acetone and by 
washing with water. 

Results 


The antagonism exerted towards P. erythroseptica by filtrates from cultures 
of the five species of Alternaria is shown in Fig. 5. It will be noted that the 
antagonistic effects exerted by all five species reached maxima in a little over 
twenty days of incubation, followed by a decline to zero over a similar period. 
The filtrate of A. radicina exerted the strongest effect, and was followed in 
order of effectiveness by A. dianthicola, A. solani, A. brassicicola, and A. 
tenuis, there being little difference between the effects of the last three. 

The filtrate from A. radicina cultures also exerted a-strong antagonistic effect 
on Pythium ultimum Trow. and Sclerotinia trifoliorum Erikss. On the other 
hand, it exerted no effect on Rhizoctonia solani Kuhn and only a slight effect 
on Fusarium coeruleum (Lib.) Sacc. 

The antagonistic property of the filtrate of A. radicina was completely 
removed by shaking the filtrate with activated carbon. After drying, samples 
of the recovered carbon were extracted with acetone, benzene, and 95% ethyl 
alcohol. All three solvents yielded needlelike crystals upon subsequent evap- 
oration, but the yield of crystals from acetone was always the largest, as high 
as 100 mgm. per liter of original filtrate. Alcohol yielded a yellow oil from 
which it was difficult to recover crystalline material, and the yields from 
benzene were very small. 

The needlelike crystals were purified by recrystallization from acetone in 
which they are very soluble. The chemical characteristics of the crystals 
have not been fully determined. They were soluble in ethyl alcohol, acetone, 
ether, benzene, concentrated sulphuric acid, and 10% sodium hydroxide, 
and slowly soluble in 0-1 N sodium hydroxide. | When dissolved in sodium 
hydroxide the solution became bright pink in color. The melting point, 
which varied in different lots, from 204°C. to 208°C., and the color reaction 
in sodium hydroxide solutions, distinguished the crystalline substance from 
alternaric acid. 

Proof of the distinctiveness of the needlelike crystals produced by A. solani 
and A. radicina was found by examining partially dried agar slope cultures 
of the two species. The crystals present in the agar of old slope cultures of 
A. radicina are usually treelike in outline and those in cultures of A. solani 
are starlike, as shown in Figs. 3 and 4. 

The antagonistic effect of water suspensions of the purified crystalline sub- 
stance from A. radicina cultures was disappointingly weak compared with the 
filtrates from which it was derived. The suspensions were only slightly 
antagonistic to P. erythroseptica and Pythium ultimum, and had no effect upon 
R. solani and F. coeruleum and little or no effect upon a variety of bacteria. 















































Fic. 1. The antagonistic effect of A. radicina towards P. erythroseptica on potato 
dextrose agar. 


Fic. 2. Antagonism towards P. erythroseptica by the filtrate of A. radicina in penicillin 
cups. 


Fic. 3. Treelike crystal clusters produced by A. radicina in old agar slopes. 


Fic. 4. Starlike crystal clusters produced by A. solani in old agar slopes. 
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At concentrations of 10~‘ the growth of Pseudomonas aerobacter, Streptococcus 
faecalis, Escherichia coli, Aerobacter aerogenes, Serratia mariesii, and Staphylo- 
coccus aureus was not appreciably affected. 
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Fic. 5. The retardation of the growth of P. erythroseptica by samples of culture filtrates 
of Alternaria taken at daily intervals. 


Discussion 


The observation that filtrates from cultures of five species of Alternaria 
exert antagonistic effects on the growth of P. erythroseptica suggests that these 
species produce antifungal substances. Filtrates from cultures of A. radicina 
exerted the strongest effect. The fact that the crystalline substance isolated 
from culture filtrates of A. radicina accounted for a part only of the anta- 
gonistic effect of the filtrates from which it was derived suggests that this 
species produces more than one antifungal substance. There is at least some 
evidence to support the further suggestion that species of Alternaria may differ 
in respect of the antifungal substances they produce. Such evidence is to 
be found in the fact that the properties of the crystalline substance isolated 
from culture filtrates of A. radicina differed from those of alternaric acid 
isolated by Brian et al. from A. solani. 

It is of interest that of the five species under study, only A. solani and A. 
radicina formed crystal clusters in the agar of old cultures. The formation 
of these crystal clusters has served as a useful diagnostic character, especially 
in the identification of A. solani, owing to the tendency of this species not to 
produce spores when grown on solid media. 
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STUDIES ON INDOLEACETIC ACID METABOLISM 


I, THE EFFECT OF METHYL UMBELLIFERONE, MALEIC HYDRAZIDE, 
AND 2,4-D ON INDOLEACETIC ACID OXIDATION! 


By W. A. ANDREAE? AND SHIRLEY R. ANDREAE 


Abstract 


Evidence is presented that IAA is oxidized with the liberation of hydrogen 
peroxide, and that the rate of oxidation is limited by a light-activated step. 
Methyl umbelliferone, maleic hydrazide, and 2,4-D stimulate IAA oxidation, 
presumably by accelerating the light-activated step. The stimulatory action 
of all three substances is overcome to a greater or less extent by scopoletin, 
which competitively inhibits the oxidation of IAA. It is suggested that maleic 
hydrazide and methyl umbelliferone may inhibit growth by causing an excessive 
oxidation of IAA. The importance of fluorescent coumarin derivatives on the 
photooxidation of IAA in vivo is discussed. 


Introduction 


The biological oxidation of indoleacetic acid (IAA) can be accomplished 
by indoleacetic acid oxidase prepared from pea epicotyl and other plant 
tissue (9, 23, 24, 26). As yet the physiological significance of this oxidase 
remains to be evaluated. It is possible, however, that it is important in main- 
taining the auxin level necessary for normal growth, and that changes in the 
rate of oxidation of IAA, other factors remaining constant, would be reflected 
by a change in growth. It has been previously found (2) that scopoletin, 
which competitively inhibits IAA oxidation, also stimulates root growth of 
pea seedlings and it was suggested that scopoletin might promote growth 
through an auxin-sparing mechanism. The present work was undertaken to 
determine whether the herbicidal properties of three different agents could 
be related to any stimulatory action on IAA oxidation. It was realized that 
only certain growth-inhibitory substances might act by lowering the auxin 
content through excessive enzymatic oxidation and that there are other 
factors such as biosynthesis of IAA, auxin—protein complex formation, and 
photooxidation, which must also influence the auxin level of the plant. 

IAA oxidase has been shown (9, 10) to be a multiple enzyme system con- 
sisting of a light-activated flavoprotein which produces peroxide from an 
unknown substrate and a peroxidase which uses the peroxide in the oxidation 
of IAA. The actual pathway of oxidation is still a matter of conjecture but 
probably involves a number of steps (12). The present work is an attempt 
to determine not only whether, but also how, a substance alters the rate of 
IAA oxidation. Certain preliminary studies of IAA oxidation were accord- 
ingly necessary. 

Materials and Methods 


Peas, variety Alaska, which had been dusted with chloranil, were soaked 
for two hours in water, sown in moist vermiculite, and transferred to a dark 


1 Manuscript received April 7, 1953. 
Contribution No. 15 from the Science Service Laboratory, Canada Department of A gricul- 
ture, University Sub Post Office, London, Ontario. 
Principal Plant Physiologist. 
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chamber at 27° C. and 75% relative humidity for seven to nine days. The 
epicotyls were cut, frozen, and macerated with a small volume of cold water 
in a Waring Blendor. The resulting brei was passed through cheesecloth, 
centrifuged, and the enzyme precipitated from the supernatant with 40% 
acetone. After centrifugation, the residue was taken up in cold citrate— 
phosphate buffer of pH 6.6. One milliliter of extract was equivalent to 
4 gm. of fresh material. 

IAA was determined colorimetrically with the Salkowski reagent as in 
the method outlined by Tang and Bonner (23), except that readings were 
taken 20 min., instead of 30 min., after addition of the reagent. Hydrogen 
peroxide and putrescine at the low concentrations used had no effect upon the 
color development of the reagent in the presence of the oxidase and IAA. 

Scopoletin was determined as follows: to 0.25 ml. of a scopoletin solution 
was added 0.3 ml. of oxidase and water or the reagent whose action was under 
investigation to give a volume of 1ml. After incubation at room temperature, 
9 ml. of a borate — sodium hydroxide buffer, pH 10, was added and the residual 
fluorescence determined in a Beckman DU spectrophotometer with fluoro- 
metric attachment. The fluorescent intensity of the scopoletin in borate — 
sodium hydroxide buffer was linear over a concentration range of 0.005-0.5 
gm. per ml. The amount of photooxidation of scopoletin during the exposure 
to light was determined by allowing the scopoletin to stand under the same 
light conditions and adding the oxidase just before reading the fluorescence. 
The loss of scopoletin by photooxidation in diffused light varied from 2-8%, 
depending on the duration of the experiment, the concentration of scopoletin, 
and the light intensity. Similar controls were prepared for each reagent by 
incubating the scopoletin and reagent alone and adding the oxidase before 
reading. Maleic hydrazide, 1.25 X 10-* M, depressed fluorescence by 8-10%, 
IAA caused a slight increase, and methyl umbelliferone fluoresced as strongly 
as scopoletin. 

Catalase activity was measured by the procedure described by Goldacre (12). 

The effect of methyl umbelliferone on the root growth of cress seedlings was 
studied in the following manner. The seeds were grown on moist filter paper 
in the dark at 25° C. for two days and then 10 seedlings with a root length of 
about 12 mm. were transferred to two thicknesses of filter paper in 9 cm. Petri 
dishes containing 4 ml. solution. The roots were measured after 48 and 96 
hr. exposure to methyl umbelliferone in the dark. 


Experimental 


A. Indoleacetic Acid Oxidation 

The peroxidase involved in the oxidation of IAA has been found to be 
identical in all aspects studied to that required for scopoletin (6-methoxy-7- 
hydroxy 1,2-benzopyrone) oxidation (2). As the oxidation of scopoletin is 
accompanied by a loss of fluorescence (1) which can be readily determined, it 
was selected as a means of studying the peroxidase fraction of the [AA oxidase 
either in the presence or absence of added hydrogen peroxide. 











428 CANADIAN JOURNAL OF BOTANY. VOL. 31 


The rate of scopoletin oxidation is accelerated by hydrogen peroxide (Fig. 
1B) in light and dark, indicating that the production of peroxide by the extract 
limits the rate of oxidation under both conditions. Fig. 2 shows that the 
stimulation of scopoletin oxidation is proportional to the concentration of 
hydrogen peroxide added. 

It was observed that both IAA and putrescine also stimulate scopoletin 
oxidation (Fig. 1B). As the concentration of hydrogen peroxide governs the 
rate of scopoletin oxidation, these results suggest that IAA and putrescine 
produce peroxide in the presence of the oxidase extract. 

Putrescine has previously been shown by Kenten and Mann (17) to be 
oxidized by diamine oxidase in pea epicotyls with the production of peroxide. 
As putrescine rapidly produces peroxide in the presence of the IAA oxidase 
extract, this extract must contain a considerable diamine oxidase activity. In 
the present workit wasfound that this enzyme is effectivein both light and dark. 

The oxidation of scopoletin, however, is increased by light (Fig. 1B). As 
hydrogen peroxide is as effective in stimulating scopoletin oxidation in light 
as in dark (Fig. 2), peroxidase itself cannot be light-activated, so that the 
increase in rate of oxidation in light must be ascribed to an increased production 
of peroxide by the oxidase extract. Diamine oxidase, being non-light-acti- 
vated, cannot therefore play an important role in the production of peroxide 
by the extract, presumably because of lack of substrate. 

IAA, on the other hand, is more effective at accelerating scopoletin oxidation 
in light than in dark (Fig. 1B). This might be expected from the fact that 
the rate of IAA oxidation is greater in light than in dark (Fig. 1A). 
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Fic. 1. The effect of various compounds on IAA and scopoletin oxidation in light and 
dark. 

Each tube contained 0.3 ml. oxidase and either 1.4 X 10-* MIAA(A) or 2.5 X 10° M 
scopoletin (B). The solutions under study were added to give the final concentration 
indicated in the figure and water to give a total volume of 1 ml. The reaction mixtures 
were analyzed either for IAA (A) or scopoletin (B) at the end of 60 min. 
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This stimulation of scopoletin oxidation by IAA provides experimental 
support to the suggestion of Galston et a/. (10) that IAA gives rise to peroxide 
on oxidation. It is, of course, possible that IAA itself merely stimulates the 
production of peroxide from other sources, but this is not considered likely. 
Experiments are in progress to derive a molar relationship between the 
amount of IAA oxidized and the increase in rate of scopoletin oxidation. These 
studies are complicated, however, by the fact that the rate of IAA oxidation 
is always decreased in the presence of scopoletin and that it is not known at 
which point in the oxidative pathway of IAA peroxide is given off. 

As it was not possible to demonstrate any stimulation of IAA oxidation 
either in light or dark by added hydrogen peroxide or peroxide produced endo- 
genously from putrescine, the light stimulation of IAA oxidation cannot be 
attributed to the increased production of peroxide by the extract in light, but 
rather to an activation of one of the steps in IAA oxidation which limits the 
rate of oxidation. 

As IAA probably serves as a source of the peroxide needed for its own oxida- 
tion, it is likely that hydrogen peroxide will only become rate-limiting when 
another substrate, such as scopoletin which competes for the peroxide, is 
present. 
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MICROMOLES of HYDROGENPEROXIDE ADDED 


Fic. 2. Stimulation of scopoletin oxidation by hydrogen peroxide. : 
Each tube contained 0.3 ml. oxidase and 25 uM scopoletin. Hydrogen peroxide was 
added to give the final concentrations indicated and water to give a total volume of 1 ml. 
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B. The Effect of Three Herbicidal Agents on Indoleacetic Acid Oxidation 

1. Methyl Umbelliferone (7-Hydroxy-4-methyl 1,2-Benzopyrone) 

Goodwin and Taves (14) showed that at 10-° M this fluorescent coumarin 
derivative markedly inhibited root growth of cat seedlings but that this inhibi- 
tion wore off rapidly. At 10-* M, methyl umbelliferone had no effect. 
Hamner et al. (15) found it to have a selective herbicidal action, strongly 
inhibiting germination and growth of bean and cucumber seeds and having 
no effect upon wheat. They suggested that methyl umbelliferone may act by 
absorbing ultraviolet light to an extent such that the manufacture or move- 
ment of growth hormones is interfered with. These workers mixed the com- 
pound directly with the soil to give concentrations of 500-8000 p.p.m. 

In the present work, the effect of low concentrations of methyl umbelli- 
ferone was determined on the root growth of cress seeds in the dark. The 
results (Fig. 3) show that methyl umbelliferone at 2.5 x 10-4 M almost 
completely arrested root growth, the roots elongating only about 9% between 
the second and fourth day of exposure, as compared to an increase of about 
93% for the controls. This potent action of methyl umbelliferone in the dark 
indicates that it must be acting through a different mechanism to that sug- 
gested by Hamner et al. At 10-* M methyl umbelliferone had only a slight 
inhibitory effect which could not be observed after four days. 

Unlike scopoletin, a related coumarin derivative, methyl umbeliferone 
showed no color changes in the presence of IAA oxidase, nor could any loss 
of fluorescence be detected over a period of one and one-half hours. Further- 
more, it had no inhibitory effect on IAA oxidation, as had scopoletin, but 
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Fic. 3. The effect of methyl umbelliferone on root growth of cress seedlings. 

Two-day-old seedlings were placed, as described under Methods, on filter paper mois- 
tened with methyl umbelliferone at concentrations indicated in the figure and incubated 
for 48 and 96 hr. at 25° C. in the dark. 
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instead strongly stimulated it both in light and dark. From Fig. 1A it can 
be seen that methyl umbelliferone is the most powerful accelerator of IAA 
oxidation so far found, 2.5 X 10> M causing about 120% increase in IAA 
oxidation over a period of 60 min. This remarkable stimulation could be 
overcome by scopoletin (Fig. 4) although methyl umbelliferone did not 
affect the oxidation of scopoletin (Fig. 1B). It had no effect on IAA in the 
presence of cyanide or when boiled extract was used. 
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Fic. 4. The effect of methyl umbelliferone, maleic hydrazide, and 2,4-D on IAA oxida- 
tion in the presence of various concentrations of scopoletin. 

Each tube contained 0.3 ml. oxidase, 25 ugm. per ml. IAA, scopoletin at the indicated 
concentrations and either water (A), 2,4-D, 2.5 K 10-3 M(B), maleic hydrazide, 1.25 X 
10-3 M (C), or methyl umbelliferone, 5 X 10° M(D). The reaction mixtures were ana- 
lyzed for IAA at the end of 30 min. 


Coumarin derivatives and photooxidation of IAA:—A number of fluorescent 
compounds induce photooxidation of IAA (7, 8), and scopoletin and umbelli- 
ferone have been found in this work to share this property (Table I). Direct 
sunlight is necessary for any appreciable effect in the time period used. In 
diffused light there was no photooxidation of IAA in the absence of these two 
compounds, and not more than 5% in the presence of relatively high concen- 
trations of scopoletin and umbelliferone (Table I). With the low concen- 
tration of scopoletin (5 ugm. per ml.) used in the enzymatic studies, no photo- 
oxidation of IAA was observed in diffused light. 


2. Maleic Hydrazide 
Maleic hydrazide inhibits growth of both mono- and dicotyledonous 
plants (19). Responses to treatment with maleic hydrazide, such as loss of 
apical dominance and cessation of internodal elongation, suggested that 
Note: Ina paper, which +3 after the present work was submitted for publication, 


Goldacre et al. Arch. Biochem. & Biophysics 43: 358. 1953, demonstrated an even greater 
stimulation of IAA oxidase activity by halogenated phenols. 
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TABLE I 


THE EFFECT OF TWO FLUORESCENT COUMARIN DERIVATIVES ON PHOTOOXIDATION OF IAA 








Per cent destruction of IAA 
during 60 min. 





Diffused light | Direct sunlight 





Control 0 33 
Scopoletin 12.5 ugm./ml. 5 62 
Umbbelliferone 12.5 ugm./ml. 4 67 











Nore: Each tube contained 12.5 ugm./ml. IAA. Scopoletin or umbelliferone were present 
in concentrations indicated in the table. 


maleic hydrazide might act as an auxin antagonist (19). Leopold and Klein 
(18) have demonstrated that not only is maleic hydrazide antagonistic to IAA 
in growth, but that IAA is also antagonistic to maleic hydrazide. Maleic 
hydrazide is effective at low concentrations, 10-> M inhibiting growth of pea 
stems by about 50% and 10-* M by about 80%. At no concentration does 
it stimulate growth (18). 

In the present work maleic hydrazide was found to stimulate IAA oxidation 
both in light and dark (Fig. 1A), 1.25 X 10-* M increasing the rate of loss by 
about 90% over a period of 60 min. As with methyl umbelliferone, maleic 
hydrazide had no effect in the presence of cyanide or with boiled enzyme. 
Its action was largely overcome by scopoletin (Fig. 3). Maleic hydrazide 
slightly accelerated scopoletin oxidation (Fig. 1B). 


3. 2,4-Dichlorophenoxyacetic Acid 


Goldacre (11, 12) and Galston et al. (10) have shown that 2,4-D stimulates 
IAA oxidation. The concentration (10-* M) required for 50% stimulation, 
however, is considerably greater than that required (10-* M) to produce 50% 
inhibition of cress root growth (4). As high concentrations of 2,4-D inhibited 
catalase activity to some extent (12), it was suggested that the stimulation of 
IAA oxidation might be due to an increased availability of peroxide. The 
present work indicates that this can not be the mechanism of 2,4-D stimulation 
of IAA oxidation for the following reasons: 

(a) As stated above, peroxide is not a rate-limiting factor in light or dark 
as the addition of hydrogen peroxide does not increase the rate of IAA 
oxidation (Fig. 1A). 

(6b) 2,4-D has no stimulatory effect on the rate of scopoletin oxidation, 
indicating that it does not increase the peroxide production or its 
utilization by peroxidase (Fig. 1B). 

(c) The concentration of catalase in the extract is so low that it probably 
plays no competitive role in IAA oxidation. For any inhibitory effect 
to become apparent the concentration of catalase must be increased 
manyfold (Table IT). 
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The stimulatory action of 2,4-D on IAA oxidation appears to be identical 
to that of maleic hydrazide and methyl umbelliferone in that 2,4-D has no 
effect in the presence of cyanide or with boiled oxidase and that scopoletin 
overcomes the stimulation (Fig. 3). 


TABLE II 


THE EFFECT OF CATALASE ON IAA OXIDATION 











Catalase activity, yee Beg Ya 
K pgm./ml. 

Oxidase 0.003 8.0 
Oxidase and catalase 

(0.025 mgm./ml.) 0.050 8.0 
Oxidase and catalase 

(0.050 mgm./ml.) 0.100 6.0 
Oxidase and catalase 

(0.100 mgm./ml.) 0.150 4.4 











Note: Each tube contained 0.3 ml. of oxidase and 25 ugm./ml. IAA. Catalase was added 
to give the final concentration indicated and water to give a total volume of 1 ml. 


Discussion 


It has been shown that during the oxidation of IAA, 1 mole of oxygen is 
consumed and 1 mole of carbon dioxide liberated (23, 26). There is evidence 
that after complete oxidation the indole nucleus is still intact (23, 26). The 
participation of a flavoprotein—peroxidase system in the oxidation of IAA has 
been demonstrated (9) and it was suggested that during its breakdown, IAA 
might produce peroxide which would be used in the peroxidative step. Gold- 
acre (12) proposed that two oxidations and one decarboxylation are involved 
in the conversion of IAA as follows: 


IAA —> indole-3-glycolic acid ——> indole-3-glyoxylic acid ——> indole-3-aldehyde. 


He did not consider it likely, however, that peroxide would arise from the 
intermediary oxidation of IAA. In the present work evidence has been found 
that IAA does in fact give rise to peroxide on oxidation. 

As it was not possible to stimulate IAA oxidation either in light or dark by 
added hydrogen peroxide or peroxide produced endogenously by putrescine, 
and as light does increase the rate, it was concluded that it is the light-activated 
step, and not peroxide concentration, which limits the rate of IAA oxidation. 

It should be noted that these results with hydrogen peroxide are in contrast 
to those of Goldacre (12) who found, using crude juice, a 28% increase in the 
rate of IAA oxidation with 0.0014 N hydrogen peroxide and 61% increase 
with 0.014 N hydrogen peroxide. It is probable, however, that the crude 
juice contained numerous substances which would compete for hydrogen 
peroxide and thus hydrogen peroxide would be a rate-limiting factor under 
these conditions. 
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The results with methyl umbelliferone, maleic hydrazide, and 2,4-D suggest 
that they all.stimulate IAA oxidation by a similar process, in spite of their 
chemical dissimilarity. As they are inactive with boiled enzyme or in the 
presence of cyanide, their action must be mediated through a thermolabile, 
cyanide-sensitive enzyme system. As they have little or no effect on scopoletin 
oxidation, it is unlikely that they accelerate the peroxidative step. The fact 
that scopoletin, which competitively inhibits IAA oxidation, overcomes their 
stimulatory action indicates that IAA is still oxidized through a peroxidase 
step. As the rate of oxidation is limited by a light-activated step and as 
methyl umbelliferone, maleic hydrazide, and 2,4-D stimulate both in light and 
dark, it appears then that these substances act by accelerating the light- 
activated step, possibly by overcoming some natural inhibition. 


The fact that methyl umbelliferone and maleic hydrazide markedly stimu- 
late the rate of IAA oxidation at low concentrations suggests that these sub- 
stances may act by lowering the auxin content of the plant. As 2,4-D isa 
powerful growth inhibitor at concentrations considerably lower than those 
required for an appreciable action on IAA oxidation, it does not seem possible 
to explain the herbicidal action of 2,4-D on this basis. It is, of course, possible 
that the growth inhibition is not due to 2,4-D but to some metabolic product 
of 2,4-D. 

Methyl umbelliferone is an unsaturated lactone and it has been suggested 
that unsaturated lactones inhibit growth by combining with a sulphydryl- 
containing enzyme which normally limits growth. In support of this concept 
is the fact that the inhibitory effect of coumarin and protoanemonin on growth 
is overcome by BAL (22) which is reported to protect —SH groups from inacti- 
vation. On the other hand, while certain unsaturated lactones do react with 
the sulphydryl group in cysteine, this is not the case with coumarin (6). 
Furthermore, BAL does not reverse the effect of all—SH poisons (20) but does 
have a variety of other actions, such as inhibition of metal-containing enzymes, 
with the exception of the cytochrome system (27), so that other interpretations 
of the above results are possible. For instance, the stimulatory action of low 
concentrations of BAL on growth (22) and its relief of coumarin inhibition 
might also be attributed to an auxin-sparing action due to an inhibitory effect 
of BAL on the peroxidase step in IAA oxidation. It is interesting to note in 
this connection that coumarin has been found to be antagonistic to the action 
of naphthaleneacetic acid on growth (25). Coumarin itself, however, has not 
been found to have any effect on IAA oxidation (2). 

It is difficult to estimate the relation that these results with coumarin 
have to the action of methyl umbelliferone. There has been a tendency to 
speak of unsaturated lactones as a group and explain their physiological action 
on their unsaturated lactone structure. It is evident, however, that different 
coumarin derivatives with unsaturated lactone configuration may affect growth 
and oxidative processes quite differently. Scopoletin and methyl umbelli- 
ferone, for instance, although both are closely related unsaturated lactones, 
have quite opposite effects on the oxidation of IAA, the one inhibiting, the 
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other stimulating it. Furthermore, scopoletin itself has different actions under 
different conditions, inhibiting enzymatic destruction of IAA in diffuse light 
and promoting photooxidation of IAA in bright light. 

A similar diversity is apparent with growth, for while scopoletin inhibits 
root growth at high concentrations (2.5 & 10-* M), it accelerates the growth 
of pea (2) and cress (3) roots by about 20% at 2.5 X 10-* M. (The results 
on the effect of scopoletin on growth will be presented in more detail in a 
following paper.) On the other hand, methyl umbelliferone, while inhibitory 
at 2.5 X 10-* M, has not been found to stimulate the growth of cress roots at 
any concentration (Fig. 3). 

When the effects of scopoletin and methyl umbelliferone on cress root 
growth are compared to those reported by Goodwin and Taves on oat roots 
(14), a striking disparity is obvious, for these workers found methyl umbelli- 
ferone at 10-* M to have no effect on the growth of oat roots, while scopoletin 
strongly inhibited growth even at 3 XK 10> M. 

These results on oat and cress roots can be reconciled if one works on the 
premises that auxin is suboptimal in cress root and optimal in oat roots, that 
scopoletin has an auxin-sparing action, and that methyl umbelliferone promotes 
auxin destruction. If this is the case then one would expect scopoletin to 
stimulate cress roots by increasing the IAA content towards an optimum 
concentration, but to have only an inhibitory action on oat roots where the 
auxin is already present in optimal amounts. Similarly, methyl umbelli- 
ferone would be expected to have relatively little effect on oat roots and a 
marked effect on cress. It should be mentioned here that Thimann has found 
that oat roots do in fact contain high concentrations of auxin (21), which may 
well be related to the high concentration of scopoletin in these roots (13). 

The question of whether the apparent relation between the effect of methyl 
umbelliferone and maleic hydrazide on IAA oxidation and on growth is genuine 
or fortuitous requires further study, but it is nonetheless interesting and sug- 
gestive. There are, however, some results in the literature which are difficult 
to reconcile with the above interpretation, as for instance, the fact that maleic 
hydrazide also overcomes the inhibitory action of naphthaleneacetic acid on 
growth (18). Moreover, while maleic hydrazide is a relatively nonspecific 
growth inhibitor, methyl umbelliferone is reported as having a marked selective 
action on plant growth. 

It is, of course, to be expected that scopoletin, methyl umbelliferone, and 
maleic hydrazide affect more than one oxidative process in the plant. Maleic 
hydrazide has been shown to inhibit dehydrogenase activity (16) and it has 
been suggested that it may also disrupt sugar metabolism (19). 

Mention should be made of the possible importance of scopoletin and 
umbelliferone in the photooxidation of IAA in the plant. The rolled leaves 
of potato plants infected with leaf roll virus show, after removal of chlorophyll, 
the brilliant blue fluorescence of scopoletin (1) and it might therefore be 
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expected that photooxidation of IAA would be considerable in the presence 
of this fluorescence. It is possible that for this reason infected plants when 
grown in the light are stunted and, when grown in the dark, symptoms of leaf 
roll are alleviated (5). 


As fluorescent coumarin derivatives are widely found in nature, it is there- 
fore not unlikely that they may play an important role in: growth, photo- 
tropism, and even flowering, through a variety of actions; stimulation or 
inhibition of enzymatic processes; and promotion or even inhibition of photo- 
oxidation of IAA and other compounds. 


Conclusions 


1. There is evidence that during the oxidation of IAA, hydrogen peroxide is 
liberated. 


2. The rate of IAA oxidation is limited by a light-activated step. 
3. Maleic hydrazide, methyl umbelliferone, and 2,4-D stimulate the oxida- 
tion of IAA, presumably by accelerating the light-activated step. 


4. Methyl umbelliferone and maleic hydrazide may inhibit growth by 
causing an excessive destruction of auxin. 
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QUALITATIVE STUDIES OF SOIL MICROORGANISMS 


XI. FURTHER OBSERVATIONS ON THE NUTRITIONAL 
CLASSIFICATION OF BACTERIA! 


By I. L. STEVENSON? AND J. W. Rovuatt’ 


Abstract 


A review of the method developed in this laboratory in 1943 for the nutritional 
classification of soil bacteria has suggested slight amendments in certain 
differential media: (1) the substitution of vitamin-free casamino acids for a 
combination of amino acids, and (2) the addition of vitamin By. to the growth 
factor media. In a comparative study with a newly proposed scheme of classi- 
fication, the more selective plating medium advocated was found to be less 
suitable for the isolation of soil bacteria than the nonselective soil extract agar 
in the original method. Furthermore, the replacement of potassium nitrate 
with diammonium phosphate as source of i inorganic nitrogen in the basal medium 
failed to cause any significant change in the nutritional grouping. Results from 
the nutritional classification of some 600 isolates by the two methods showed 
that the new procedure represents only a slight modification of the original 
system. 


Introduction 


The inadequacy of the classical biochemical tests for a rational grouping of 
the indigenous soil bacteria on a physiological basis has led to the development 
of a method of classification of these organisms on the basis of their nutritional 
requirements. Following a preliminary system based on the use of three 
differential media (13), Lochhead and Chase (6) proposed a classification 
procedure in which organisms isolated on a nonselective basis from soil extract 
agar were grouped according to growth response in seven media of different 
nutritional complexities. Seven main nutritional groups were recognized, 
ranging from organisms capable of maximum growth in a simple basal medium 
to types unable to develop with supplements of amino acids, growth factors, 
or yeast extract, but which require soil extract for growth. 

Since its introduction, this system of nutritional classification has aided the 
study and understanding of the indigenous soil bacteria. The method has 
been used in studying the comparative nutritional requirements of rhizosphere 
and control soil flora (13), and has provided some useful information concern- 
ing the physiological activity of the root system of plants (7). The effect of 
season and manurial treatments (3) and the influence of various crop plants 
on the indigenous soil flora (12) have also been investigated using this 
technique. Furthermore, the method has been applied to advantage in the 
study of certain soil-borne plant diseases; a relationship between the relative 
incidence of certain nutritional groups and the intensity of the disease has 
been shown by Hildebrand and West for strawberry root rot, and by Rouatt 
and Atkinson (9) in the case of potato scab disease. 

1 Manuscript received April 20, 1953. 
Contribution No. 353 from the Division of Bacteriology and Dairy Research, Science 
Service, Department of Agriculture, Ottawa. 


2 Assistant Bacteriologist. 
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Recently Taylor (10) has criticized several aspects of this procedure for 
nutritional classification with particular respect to the isolation medium, the 
inorganic nitrogen source, the formulation of the differential media and the 
incubation times. Taylor has proposed a new and ‘simpler’ scheme which 
he feels will distinguish five nutritional groups with somewhat greater accuracy. 

This paper reports on a comparative study of the two nutritional schemes 
of classification undertaken to establish the validity of Taylor’s suggested 
‘improvements’. At the same time, several amendments to the method of 
Lochhead and Chase (6) are introduced in view of new products appearing on 
the market since the inception of the method in 1943, and the further identi- 
fication of growth factors present in soil extract (5, 8). 


Experimental 


Cultures for these nutritional studies were obtained by plating suitable 
dilutions of three field soils on soil extract agar without an additional energy 
source and on the isolation medium described by Taylor (10). The plates 
were incubated 14 days at 26° C. after which all colonies were picked from 
one or more of the plates. Colonies from plates of soil extract agar were 
subcultured in a soil extract semisolid medium and those picked from Taylor’s 
isolation medium in a semisolid medium of the same composition. Approxi- 
mately 100 colonies were picked for each soil from the two isolation media 
giving a total of some 600 organisms. Prior to final transfer to the nutritional 
media a five-day broth culture [medium YS (6)] of each organism was 
prepared. Each isolate was then transferred by loop inoculation to the 
seven differential media described by Lochhead and Chase (6); to the same 
differential media with diammonium phosphate substituted for potassium 
nitrate as the inorganic nitrogen source; and to the five differential media 
of Taylor (10). 

Two modifications of the differential media of Lochhead and Chase (6) 
have been introduced since this scheme was first reported. The substitution 
of 0.4% vitamin-free casamino acids (Difco) in place of the 10 amino acids 
formerly used in the preparation of medium A and medium AG, and the 
addition of 2 wgm. per liter of vitamin By. to medium G and medium AG. 

After incubation of the differential media for five days at 26°C. the 
organisms were classified nutritionally according to growth response. Each 
organism was grouped according to the original system (6) in which only 
maximum growth is considered significant and also by Taylor’s system (10) 
in which any growth at all is considered sufficient for assignment to a 
nutritional group. 

Results 
Comparison of Isolation Media 


One of the major differences in the nutritional scheme described by Taylor 
(10) is the use of a more selective medium than the soil extract agar proposed 
by this laboratory. Soil extract agar was chosen as being the least selective 
medium and designed to favor the indigenous soil types. Furthermore, colonies 








440 CANADIAN JOURNAL OF BOTANY. VOL. 31 


developing on this medium after a relatively long incubation period are small, 
a circumstance considered favorable in that antagonistic and stimulative 
effects are kept ata minimum. Taylor’s medium contains, in addition to soil 
extract and salts, yeast extract and tryptone, which he considers necessary 
for the development of some organisms requiring vitamins and other nutrients 
found in too small quantities in soil extract alone. 

A study of the two isolation media was carried out and comparisons were 
made on the basis of: (i) the suitability as plating media for the enumeration 
and isolation of the soil flora; and (ii) the suitability of the media as a source 
of the indigenous soil flora. 

A total of 18 soils were plated on the two media and in 15 cases a higher 
number of organisms was obtained on the soil extract agar. On the average, 
these numbers were approximately 30% higher than those of Taylor’s medium 
after 14 days’ incubation at 26°C. Records of numbers of five soils at 5, 8, 
and 14 days’ incubation are given in Table I. The incubation time used by 
Taylor (10) was not specified; it is possible that the higher counts reported 
by him on his medium were due to too short a period. It is evident from our 
data that counts were generally higher on Taylor’s isolation medium at five 
days, after which numbers on soil extract agar gradually increased as the more 
slowly developing types appeared. 

A major consideration in the choice of a medium for the isolation of 
organisms from a mixed population is that antagonism between colonies be 
kept at a minimum, and that the surface of the agar be kept relatively free 
from spreading organisms. Because of the richness of its composition and 
resulting less selective nature, Taylor’s isolation medium quickly gave rise 
to numerous zymogenic soil types whose growth habits often obscured the 
surface of the plates in as little as 24-48 hr. Similarly, this medium produced 
much larger colonies than the small ‘distinct’ colonies obtained by the use of 
soil extract agar. Fig. 1 illustrates typical plates of the two isolation media 
compared in these studies. 

TABLE I 


EFFECT OF INCUBATION TIME ON NUMBERS OF BACTERIA APPEARING ON SOIL EXTRACT 
AGAR AND TAYLOR’S ISOLATION MEDIUM 




















Isolation media 
“a Soil extract agar Taylor’s isolation medium 
i 
Incubation time, days 
5 8 14 5 8 14 
N 133.0! 153.0 162.7 135.0 135.6 137.8 
Xi 24.4 83.1 156.9 7 ee 132.0 170.6 
B.C. 28.0 61.0 75.0 36.0 39.0 47.0 
B, 25.6 41.8 61.6 27.4 31.6 34.4 
Xe 49.0 92.0 141.2 70.6 85.4 92.8 























1Bacteria per gram oven-dried soil. 
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Further proof of the unsuitable characteristics of Taylor’s medium was 
obtained on the calculation of the Indices of Dispersion (1) for each set of 
replicate plates. Results of sets of Taylor’s plates showed an extremely high 
percentage of abnormal variance while distribution of the soil extract series 
fell within the normal limits. It is apparent that the antagonistic processes 
between organisms appearing on Taylor’s medium seriously affects the chance 
distribution of organisms on the plates, with the result that on isolating 
organisms from such plates a true ‘cross-section’ of the soil flora is not 
obtained. 

During the course of this experiment, a total of 295 organisms were picked 
from soil extract agar and 285 from Taylor’s isolation medium in order to 
make a nutritional comparison of the isolates from the two media. Each 
organism was inoculated into the seven nutritional media described by 
Lochhead and Chase in 1943 and classified according to tubes showing 
maximum turbidity at the end of incubation. Results of the classification 
are given in Table II. An analysis was performed on the data to test the 
homogeneity of the two bacterial populations. A nonsignificant x? value 
was obtained showing a nutritional uniformity between the group of organisms 
isolated from Taylor’s medium and the group isolated from soil extract agar. 
The fact that soil extract agar is capable of supporting a population nutri- 
tionally equivalent to that of Taylor’s medium minimizes the importance of 
the stress placed by Taylor on the enrichment of the isolation medium to 
accommodate those organisms supposedly requiring more nutrients than 
provided in soil extract. 


The Differential Media 


Some objection has been raised (10) to the precipitation of calcium and 
magnesium during the preparation of our basal medium. To minimize this, 
it has been a constant practice to adjust to pH 6.8 before heating and allowing 
to cool before filtration. The basal medium thus prepared is found to obtain 
an adequate supply of calcium and magnesium and is completely free from 
precipitates which might be confused with light growths. In a comparative 


TABLE II 


A NUTRITIONAL COMPARISON OF ISOLATES FROM SOIL EXTRACT AGAR 
AND TAYLOR’S ISOLATION MEDIUM 














Nutritional groups! 
Isolation media 
I II III IV Vv VI VII 
Soil extract agar (Lochhead 
and Chase) 4.4 8.1 3.2 5.8 34.6 3.4 40.6 
Taylor’s isolation medium 5.6 11.2 2.5 6.7 37.5 5.6 30.9 




















1 Percentage of total organisms. 
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test encompassing some 600 soil isolates, 122 organisms showed visible growth 
in the basal medium of Lochhead and Chase while only 98 responded to the 
calcium-free basal medium described by Taylor. It is difficult to understand 
the omission of calcium by Taylor who has previously reported on the growth 
stimulating properties of this essential mineral (11). 

The possibility of the ammonium ion being a more suitable source of 
inorganic nitrogen than the nitrate used in our basal medium has also been 
suggested in view of the reported failure of some soil organisms to assimilate 
nitrogen as nitrate. To check the preference of soil organisms for their source 
of inorganic nitrogen, 583 isolates were inoculated into two series of the seven 
nutritional media of Lochhead and Chase. One series contained potassium 
nitrate and the other diammonium phosphate as the inorganic nitrogen source. 
Results of this survey are presented in Table III. 

Statistical analysis of the data shows no variation in the nutritional grouping 
due to the nitrogen source. It appears that that portion of the soil flora 
with which we are concerned will utilize either nitrate or ammonia equally 
well as the inorganic nitrogen source. 

The substitution of vitamin-free casamino acids is suggested for the amino 
acid mixture formerly used in the preparation of the medium containing the 
more complex forms of nitrogen. Apart from the advantage in ease of 
preparation, this medium supported good growth of many organisms that 
grew poorly in the synthetic amino acid medium. Of some 224 organisms 
requiring amino acid mixture, 193 showed equal or better growth in medium 
prepared with 0.4% vitamin-free casamino acids. 

The proposed addition of vitamin B12 to our growth factor medium (medium 
G) results from the studies of Lochhead and Thexton (8) who have reported 
that a large proportion of soil organisms formerly believed to require soil extract 
were stimulated equally well in the presence of this vitamin. Comparative 
studies have shown a higher percentage of organisms appearing in the growth 
factor medium with vitamin By. present than in its absence. As more and 
more unknown growth factors are identified in soil extract these will be placed 
in a medium of known composition so that eventually it is hoped that a well- 
defined medium can be prepared for even the’ most exacting soil micro- 
organisms. 

TABLE III 


EFFECT OF INORGANIC NITROGEN SOURCE ON THE NUTRITIONAL 
CLASSIFICATION OF SOIL BACTERIA 














Nitrogen source in Nutritional groups! 
basal medium I Il lll IV V VI VII 
KNO; 5.0 9.6 2.8 6.2 36.0 4.5 35.9 
(NH,)2HPO, 3.7} 10.1 3.4 5.8 37.0 6.8 33.2 











1 Percentage of total organisms. 
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Comparative Studies of Nutritional Groupings 


In his recent criticism of the method used in this laboratory for classifying 
soil organisms, Taylor proposes a ‘simpler’ method of grouping utilizing five 
differential media. Unfortunately, Taylor provides no data permitting a 
comparison of the results of both methods. 

Before a valid comparison of the two schemes of classification can be 
undertaken certain essential differences of the methods should be clarified. 
One major difference in the two schemes is the method of assigning the 
organisms to the nutritional groups. In our procedure, tubes containing 
differential media are incubated five days at 26° C., and then read for growth 
response. A value of 4 is given to the tube showing heaviest growth and the 
others rated by comparison. Readings of 1 and 2 are regarded as showing 
submaximal growth and are not considered significant. Lochhead (4) has 
recently stressed the importance of this method of evaluation. Taylor (10) 
gives no description of his method of assessing growth but it is assumed that 
any growth at all is considered significant. 

Differences in the composition of the differential media also tend to make 
comparisons difficult. There is, however, a great deal of similarity between 
the nutritional media in both classifications. Both schemes employ a basal 
mineral salts medium. Likewise both use a medium to which amino acids 
are added in addition to the mineral salts (Lochhead’s medium A and Taylor’s 
medium II). It will be noted that Taylor’s scheme provides no equivalent 
for the growth factor medium of Lochhead and Chase. Whether it is 
necessary to retain our medium G is a matter of personal preference. It has 
been found of value in studying the changes in microbiological equilibrium in 


TABLE IV 


A COMPARISON OF METHODS OF GROWTH EVALUATION AND THEIR EFFECT ON 
THE NUTRITIONAL GROUPING OF SOIL BACTERIA 








Nutritional groups! 





Method of growth 
onmeenen I | II | Il IV V VI VII 





Classification of Lochhead and Chase 





Lochhead and Chase 5.0 9.6 2.8 6.2 36.0 4.4 36.0 
Taylor 20.7 13.5 4.6 10.0 32.7 8.0 10.5 





Classification of Taylor 
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1 Percentage of total organisms. 
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soil (2, 9); however it can be omitted in view of the presence of medium AG. 
Again, there is a similarity between the amino acid — growth factor media; 
medium III of Taylor and medium AG of our classification. 

In a comparative study, approximately 600 soil isolates were classified 
nutritionally by the method described by the Canadian workers and also by 
Taylor’s method. From the data shown in Table IV, it is evident that there 
is no similarity between the classifications obtained when both of the 
previously described methods of assigning nutritional groups are used. In 
both schemes of classification, where any growth at all is considered significant 
a much higher percentage of organisms naturally falls into the basal medium 
group. Where submaximal growth is not considered, many such organisms 
are not grouped until significant growth is obtained in one of the more complex 
media. 

A true assessment of the value of either method of nutritional classification 
can only be made if growth response in the differential medium be determined 
in an identical manner. Extremely heavy growth and the formation of 
pellicles in the tryptone-containing media 1V and V of Taylor restricts the 
use of our method in the assigning of many organisms to their nutritional 
groups. Table V presents the comparative classifications of a group of 594 
soil isolates using Taylor’s method of assigning the organisms to their nutri- 
tional groups. As has been previously mentioned there is a great deal of 
similarity between the compositions of media B, A, AG to media I, II, and III 
respectively. It is not surprising therefore that only an extremely slight 
variation appears in the percentage of organisms in these groups. The total- 
ling of organisms appearing in our groups III and IV is permissible in view of 
the omission of a growth factor medium in Taylor’s classification. Organisms 
of groups VI and VII may also be totalled for comparison with Taylor's 
group V organisms. Observation of the groups of organisms requiring the 
more complex growth requirements again shows only a slight difference in 
numbers. Taylor describes the organisms of group IV as being dependent on 
factors present in tryptone and that the yeast extract is probably unnecessary. 
From the data of Table V, it appears that tryptone has little or no influence 
on the organisms appearing in this group, since an approximately equal 
number of organisms exhibit growth in the presence of yeast extract alone 
(medium Y). Comparison of the percentage of organisms requiring growth 
factors present in soil extract in the two classification procedures shows little 
difference and again no notable change can be attributed to tryptone. It is 
evident from these data that the organisms appearing in groups IV and V are 
dependent on the yeast and soil extracts and that the presence of tryptone 
is unnecessary. 

Discussion 


The Canadian system (6) of classifying soil bacteria on the basis of nutri- 
tional needs has been found to differ in a number of respects from the scheme 
recently proposed (10). The suggestion that the soil extract agar does not 
contain sufficient concentrations of carbon and nitrogen for the development 
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of many organisms has not been borne out in these studies. It has been shown 
that the majority of soils plated exhibit higher numbers on soil extract agar 
than on the rich and selective plating medium described by Taylor. Although 
analysis has shown that nutritionally the populations of the two isolation 
media are relatively uniform, the spreading growth of certain spore-forming, 
zymogenic bacteria and the associated antagonistic effects renders Taylor’s 
proposed isolation medium much less suitable than a nonselective substrate. 

Certain criticisms (10) concerning the composition of the differential media 
of Lochhead and Chase (6) have been found to be unjustified. Results have 
shown that a higher proportion of soil isolates are capable of growth in our 
basal medium than in the calcium-free basal salts medium described by 

- Taylor (10). The substitution of diammonium phosphate for potassium nitrate 
as the inorganic nitrogen source has failed to bring about any significant shift 
in the nutritional groupings of soil isolates. It is evident that either ammonia 
or nitrate serves as a suitable source of inorganic nitrogen. The replacement 
of the amino acids originally prescribed for media A and AG with 0.4% 
vitamin-free casamino acids is suggested in view of the improved growth of 
many organisms in an amino acid medium prepared from this product. Since 
the recognition of the importance of vitamin By. to a large group of soil 
bacteria (8) this substance has been added to the growth factors present in 
media G and AG. 

Contrary to the results of Taylor many organisms have been found 
dependent on factors present in yeast extract that are not supplied in the 
amino acid-growth factor medium. The value of tryptone in the new 
scheme of nutritional grouping has been exaggerated by Taylor who has 
allowed it to obscure the importance of yeast and soil extracts to many soil 
bacteria. Comparative studies have shown that numbers of organisms 
developing on medium Y (yeast extract) are approximately equal in number 
to those developing on Taylor’s medium IV (yeast extract, tryptone). 
Similarly, numbers developing on media Y, YS (yeast-soil extracts) were 
equivalent to those developing on Taylor’s medium V (yeast-soil extracts, 
tryptone). From these results it can be concluded that factors in yeast and 
soil extract are responsible for the growth of organisms in Taylor’s media IV 
and V and that the presence of tryptone, as far as it affects the nutritional 
grouping, is superfluous. 

Increase of incubation time from 5 to 12 days was found to have no effect 
on the nutritional grouping of the soil isolates. It is felt that the five-day 
period originally described is sufficient to obtain an accurate estimate of 
growth response. 

A comparison of the two schemes of nutritional classification has shown the 
grouping of organisms by both methods is basically the same. In view of the 
ineffectiveness of tryptone it appears that the ‘improved’ scheme reported by 
Taylor is nothing more or less than a slight modification of the earlier proposed 
system of Lochhead and Chase. The only major difference is the method of 
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vn assessing growth and the assignment of organisms to their nutritional groups. 
ar In our opinion the difference between slight growth and heavy growth is far 
xh more significant in a scheme of nutritional classification than that between 
on no growth and a trace of growth. 
ig, 
Je Acknowledgment 
ie. The authors are much indebted to Miss Joan Watson and Miss Winnifred 
lia Ryan for effective technical assistance throughout the course of the studies 
ve reported. 
ur 
= References 
te 1. EISENHART, C. and Witson, P. W. Statistical methods and control in bacteriology. 
: Bact. Revs. 7 : 57-137. 1943. 
ift 2. HILDEBRAND, A. A. and West, P. M. Strawberry root rot in relation to microbiological 
ia changes induced in root rot soil by the incorporation of certain cover crops. Can. J. 
t Research, C, 19 : 183-198. 1941. 

ss 3. KATZNELSON, H. and Cuase, F. E. Qualitative studies of soil microorganisms: VI. 
% Influence of season and treatment on incidence of nutritional groups of bacteria. 
of Soil Sci. 58 : 473-479. 1944. 

4. LocnHeap, A. G. The nutritional classification of soil bacteria. Proc. Soc. Applied 
ce Bact. In press. 
oil 5. LocHHeap, A. G. and Burton, MARGARET O. An essential bacterial growth factor 
in produced by microbial synthesis. Can. J. Botany, 31: 7-22. 1953. 


6. LocHHEap, A. G. and Cuase, F. E. Qualitative studies of soil microorganisms: V. 
Nutritional requirements of the predominant bacterial flora. Soil Sci. 55 : 185-195. 
1943. 


nd 
7. LocuHeap, A. G. and THExToN, R.H. Qualitative studies of soil microorganisms: VII. 
he The ‘rhizosphere effect’ in relation to the amino acid nutrition of bacteria. Can. J. 
Ww Research, C, 25 : 20-26. 1947. 
8. LocHHeEap, A. G. and THExToN, R. H. Qualitative studies of soil microorganisms: X. 
as Bacteria requiring vitamin By: as growth factor. J. Bact. 63 : 219-226. 1952. 
oil 9. Rovatt, J. W. and Atkinson, R. G. The effect of incorporation of certain cover crops 
on the microbiological balance of potato scab infested soil. Can. J. Research, C, 
ms 28 : 140-152. 1950. 
er 10. TayLor, C. B. The nutritional requirements of the predominant bacterial flora of the 
e) soil. Proc. Soc. Applied Bact. 14: 101-111. 1951. 
i 11. TayLor, C. B. Nature of the factor in soil extract responsible for bacterial growth 
re stimulation. Nature, 168:115. 1951. 
ts, 12. WaiaceE, R. H. and Locwueap, A.G. Qualitative studies of soil microorganisms: VIII. 
d Influence of various crop plants on the nutritional groups of soil bacteria. Soil Sci. 
a 67 : 63-69. 1949. 
IV 13. West, P. M. and Locnueap, A.G. Qualitative studies of soil microorganisms: IV. The 
g 
1al rhizosphere in relation to the nutritive requirements of soil bacteria. Can. J. 
: Research, C, 18 : 129-135. 1940. 
ect 
ay 
of 
the 
the 
by 
sed 


of 











448 


MARSH AND BOG VEGETATION IN 
NORTHWESTERN ALBERTA! 


By E. H. Moss? 


Abstract 


Swamp, marsh, wet meadow, saline meadow, Drepanocladus bog, and 
Sphagnum bog are characterized and related aquatic vegetation is described 
briefly. There is succession from different kinds of swamp and marsh, through 
wet meadow, to Agropyron—Carex grassland and to various wooded communities, 
and also of marsh, through Drepanocladus—Carex bog to a Larix laricina associa- 
tion. The main bog sere of the region is initiated by some kind of aquatic or 
marsh phase and passes through Sphagnum bog stages to bog forest (Picea 
mariana) climax. Ecological aspects of Sphagnum species are considered in 
relation to succession and a regeneration cycle. Retrogression caused by burn- 
ing is described for marshes, bogs, and bog forests. Many bogs in the northern 
part of the region have large mounds and ridges that retain frozen peat below 
the surface mantle during the summer. The significance of these permafrost 
areas is discussed. Brief consideration is given to phytogeographical features 
of the region. 


Introduction 


This is the final paper of a short series dealing with floristic and ecological 
features of the vegetation of northwestern Alberta. Marsh and wet meadow 
vegetation is related to Agropyron—Carex grassland already described (7). 
Consideration is given to the earlier stages of bog seres leading to bog forest 
climax vegetation dealt with in a recent paper (8). 

The physical features, soils, and climate of the region are described briefly 
in earlier papers. Many of the depressions, as well as extensive upland areas, 
are occupied by peat bogs or bog forests (collectively known in western 
Canada as muskegs). In northern Alberta, there are extensive bogs on 
hilltops and mountain plateaux, notably the Caribou Mountains. About half 
of the area in the Clear Hills is said to be occupied by ‘‘muskeg’’ (19). 
Numerous depressions of the region have ponds, lakes, swamps, marshes, or 
wet meadows. The ponds and shallow lakes (‘‘sloughs’) are commonly 
surrounded by reed swamp and marsh, backed by willow, alder, and other 
wooded vegetation. Many of the ponds and sloughs are said (18) to be fed 
by underground springs from adjoining sand and muskeg areas. Swamps, 
marshes, and wet meadows are often flooded in spring but relatively dry 
during summer. Various mixtures of bog, swamp, marsh, and meadow occur, 
as well as transitions from one type to another. 

Definition of terms for different kinds of marsh, swamp, and bog vegetation 
has been clarified recently by Dansereau and Segadas-Vianna (1) and also by 
Penfound (13). To these authors the present writer is indebted for many of 
the following ideas. For our purpose, a marsh is a grass~sedge—rush com- 
munity, usually without mosses or much peat accumulation and the floor 
covered with water for one or more months of the growing season. A wet 

1 Manuscript received March 23, 1953. 


Contribution from the Department of Botany, University of Alberta, Edmonton, Alia. 
2 Professor of Botany, Unwersity of Alberta. 
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meadow is a shallow marsh, having surface water present for only a small 
part of the growing season. The terms swamp and marsh are often used 
synonymously; but a swamp is also defined as a wooded community whose 
soil is saturated or covered with surface water during at least part of the 
growing season. We shall use the term in both senses, designating the 
particular kind of swamp as follows. A reed swamp is a very wet marsh, 
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Fic. 1. Outline map of northwestern Alberta showing by numbers the areas for which 
investigations are reported in the text. 
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characterized by such plants as bulrushes (Scirpus), cattails (Typha), or 
coarse grasses (e.g. Scolochloa festucacea). A tamarack swamp is a wooded 
community characterized by Larix laricina, various shrubs and sedges, and 
peat-forming mosses in the wet substratum; it is transitional between marsh 
and bog, being a very wet, marshy kind of bog forest. A bog is characterized 
by conifers (notably Picea mariana in our region), by ericads, by peat-forming 
mosses, commonly Sphagnum, and by a cushionlike substratum of raw peat. 
A bog forest is a bog in which the coniferous trees have become dominant and 
the associated species more or less suppressed. Peat bogs and bog forests of 
all kinds are generally known as muskegs in our region. For our present 
purpose the word will be used in this broad sense. 

The present paper aims to describe the chief kinds of marsh, bog, wet 
meadow, and swamp vegetation of the region and to indicate their inter- 
relationships and their developmental stages. The more conspicuous elements 
of the associated aquatic vegetation are recorded. Notes on the aquatic 
and shore-line vegetation of creeks and rivers are included. For the bogs, 
relatively little attention is paid to the peat and the evidence it holds bearing 
upon bog development. It is hoped that our preliminary studies may point 
the way to more thorough and extensive investigations of the future. 

During the field work the procedure was to combine reconnaissance with 
critical studies of representative sample areas. Most of the work was done 
in the vicinity of Smith and Lesser Slave Lake, in southern parts of the 
Peace River Country, along the Mackenzie highway to the Alberta-N.W.T. 
boundary, near Fort Vermilion and at the southern fringe of the Caribou 
Mountains. The numbers on the map (Fig. 1) refer to areas that receive 
special mention in the text. With a few exceptions, species citations are given 
without authors’ names. These may be found in earlier papers of this series 
or in the eighth edition of Gray’s Manual of Botany or in the Lists of Mosses, 
Sphagnum, and Hepaticae published in the Bryologist, Vol. 43, No. 5, 1940. 


Aquatic and Shore-line Vegetation 
Pond and Lake 


Considering the diverse and often unstable conditions of these situations, 
it is not surprising that plant communities can rarely be recognized. The 
more common higher plants will be merely listed. Submerged, floating, and 
somewhat emergent species of ponds and small lakes with marshy, sandy, or 
stony shores include the following: 


Potamogeton berchtoldi Ranunculus tricho, hyllus 

Potamogeton richardsonii Ranunculus gmelini var. hookeri 
Potamogeton gramineus Equisetum fluviatile 

Potamogeton pectinatus Hippuris vulgaris 

Potamogeton alpinus var. tenutfolius Polygonum amphibium var. stipulaceum 
Myriophyllum exalbescens Sagittaria cuneata 


Utricularia vulgaris Alisma triviale 





or 
ed 
id 
sh 
ed 
ng 
it. 
id 
of 
nt 


et 
ore 


tic 
gS, 
ng 
nt 


ne 
he 
ou 
en 
ies 


es, 


10. 


um 


MOSS: MARSH AND BOG VEGETATION 451 


Caltha natans 

Nuphar variegatum 
Ceratophyllum demersum 
Lemna minor 


Lemna trisulca 
Callitriche palustris 
Callitriche hermaphoditica 


These species are also prevalent in lagoons and near the quiet shores of bays 
of larger lakes. Species recorded for open and generally deeper waters of a 
large lake, namely Lesser Slave Lake, being rooted at depths of 0.5 to 1.5 m., 
include the following submerged plants: Potamogeton richardsonii, P. 
vaginatus, P. zosteriformis, P. gramineus, P. filiformis, and P. berchtoldi, as 
well as several emergent species, notably Scirpus validus. 

On shore lines, the strictly aquatic species usually merge with amphibious 
plants, forming various assemblages. Often the shore-line vegetation is in part 
a reed swamp, characterized by tall rushes, reeds, sedges, grasses, and horse- 
tails, such as Scirpus validus, Typha latifolia, Carex atherodes, Scolochloa 
festucacea, Phalaris arundinacea, and Equisetum fluviatile f. linnaeanum. Reed 
swamp is usually backed by marsh yegetation, the nature of which is deter- 
mined by the substratum, the slope of the shore, fluctuations in water level, 
and various other factors. Often there is no sharp distinction between reed 
swamp and marsh zones. Most of our small lakes (sloughs) have a prominent 
marsh border. For one of these, Kakut Lake (Area No. 1), the marshy shore 
includes the following plants: 


Carex atherodes (dominant) Poa palustris 
Calamagrostis inexpansa Agrostis scabra 
Beckmannia syzigachne Hordeum jubatum 
Scholochloa festucacea Stellaria sp. 

Stachys palustris var. pilosa Senecio congestus 
Mentha arvensis var. glabrata Carex sychnocephala 
Veronica scutellata Arnica chamissonis 
Veronica peregrina var. xalapensis Rumex fenestratus 


Other species frequently found on marshy shores are shown below. Of these, 
the first two are common dominants, as also is Calamagrostis inexpansa 
(listed for Kakut Lake). 


Carex rostrata Galium trifidum 





Carex aquatilis 

Carex praegracilis 

Carex diandra 

Carex bebbii 

Eleocharis spp. 

Juncus balticus var. littoralis 
Juncus spp. 

Glyceria grandis 
Calamagrostis canadensis 
Sparganium spp. 


Cicuta douglasii 

Sium suave 

Polygonum amphibium var. stipulaceum 
Geum allepicum var. strictum 
Parnassia palustris var. neogaea 
Lysimachia thrysiflora 

Scutellaria epilobiifolia 

Rumex maritimus var. fueginus 
Erigeron philadelphicus 

Calla palustris 
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Sandy lake shores are tenanted by various mixtures of species, often quite 
different from those of distinctly marshy areas. For example, on the broad, 
sandy beach of an inlet of Lesser Slave Lake (Area No. 2), characterized by a 
few shallow lagoons, the following plants were noted. Species of the lagoons: 
Caltha natans, Sagittaria cuneata, Alisma triviale, Polygonum amphibium var. 
stipulaceum. Species of wet, sandy flats and banks: 


Juncus dudleyi Solidago graminifolia var. major 
Juncus balticus var. littoralis Polygonum aviculare 
Juncus alpinus var. rariflorus Polygonum lapathifolium var. salicifolium 


Juncus bufonius Stellaria longipes 

Eleocharis macrostachya Rumex spp. 

Eleocharis acicularis Ranunculus sceleratus 

Carex bebbit Dracocephalum parviflorum 

Carex vulpinoidea Rorippa islandica var. fernaldiana 
Carex sychnocephala Agrostis stolonifera 


Exposed sandy beaches, with low sand dunes, on the north side and also at 
the east end of Lesser Slave Lake, have a sparse vegetation in which the 
following species were noted: 


Oryzopsis hymenoides Corispermum hyssopifolium 

Juncus dudleyi Salix lasiandra 

Juncus vaseyt Salix subcoerulea 

Juncus balticus var. littoralis _Potentilla anserina 

Carex siccata Rumex mexicanus 

Carex vulpinoidea Rumex maritimus var. fueginus 
Carex bebbit Polygonum aviculare 

Carex houghtontii Polygonum lapathifolium var. salicifolinm 
Alopecurus aequalis Polygonum coccineum 

Glyceria borealis Achillea sibirica 

Poa palustris Erigeron angulosus var. kamtschaticus 


Calamagrostis canadensis var. Artemisia caudata 
robusta Stellaria longipes 


The somewhat narrow and abrupt stony-sandy shore of a small lake near 
Wembley (Area No. 3) was tenanted by the following plants, in scattered 
formation: Puccinellia nuttalliana, Aster ericoides, A. caerulescens, Erigeron 
canadensis, E. angulosus var. kamtschaticus, Senecio congestus var. tonsus, 
Lactuca pulchella, Chenopodium rubrum, A stragulus goniatus, and A. canadensis. 
It may be noted that stony and rocky shores are very rare in the region. 


Creeks and Rivers 

Brief mention may be made of the aquatic and marginal vegetation of 
creeks and rivers. Submerged and emergent species include Myriophyllum 
exalbescens, Potamogeton spp., Ranunculus trichophyllus, Sparganium multi- 
pedunculatum, Lemna trisulca, Callitriche spp., Sagittaria cuneata, and 
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Hippuris vulgaris. Plants commonly found close to the water’s edge on wet 
banks or on flats that are often inundated are the herbs: Scirpus rubrotinctus, 
Equisetum palustre, E. arvense, Glyceria spp., and Juncus alpinus; also various 
woody plants including Salix lasiandra, S. subcoerulea, S. interior, Alnus 
rugosa, Cornus stolonifera, Populus balsamifera, and Picea glauca. Less 
prominent plants of wet banks and flats include: Parnassia palustris var. 
neogaea, Achillea sibirica, Poa palustris, Cinna latifolia, Juncus spp., Erigeron 
lonchophyllus, E. philadelphicus, E. angulosus var. kamtschaticus, Aster junci- 
formis, A. sibiricus var. meritus, Stachys palustris var. pilosa, Oxytropis 
retrorsa, Helenium autumnale var. grandiflorum, Carex aurea, and C. sprengelit. 
Where Populus balsamifera or Picea glauca dominate near the water’s edge, 
as they commonly do, the shrubs and herbs of these associations (8) generally 
form a luxuriant growth. Streams flowing through marshy or boggy areas 
are characterized by various species of Carex along their low banks. 


Marshes, Swamps, and Wet Meadows 


As already set forth, marsh vegetation characterizes the borders of many 
of the ponds and lakes of the region. Numerous basins, originally occupied 
by ponds and shallow lakes have become covered by various kinds of reed 
swamp, shallow marsh, or wet meadow vegetation. These areas range in 
size from pothole depressions a few rods across to great stretches of flat land, 
several miles in extent. Many of the more shallow marshes have become 
transformed into grass meadows as a result of the lowering of the water table 
through various agencies including the accumulation of substratum material. 
Marshes are also found with numerous willow clumps, as well as advanced 
stages in succession to willow, alder, and poplar associations. Other marshes 
have become more or less boggy, following the invasion of certain bog species, 
and show transition stages to tamarack swamp or bog forest. By reference 
to a few representative areas the salient features of marsh, wet meadow, and 
swamp will now be presented. 

Reed swamps and marshes located near Clairmont (Area No. 4) show the 
following features. Where the water averages 1 to 2 ft. in depth and persists 
through most of the summer, the vegetation is a reed swamp dominated by 
Scolochloa festucacea and Carex atherodes, with a few associated species, includ- 
ing Polygonum amphibium, and Rumex mexicanus. Where the water is quite 
shallow, or where it disappears periodically, as in small basins and near the 
borders of larger basins, there is a transition from reed swamp, through marsh 
to wet meadow or willow vegetation. The chief dominants of marshes are: 
Calamagrostis inexpansa, Carex aquatilis, C. rostrata, and C. atherodes. 
Secondary species include: Deschampsia caespitosa, Beckmannia syzigachne, 
Hordeum jubatum, Poa palustris, Agrostis scabra, Glyceria grandis, Juncus 
balticus var. littoralis, Stachys palustris var. pilosa, Mentha arvensis var. 
glabrata, Galium trifidum, Geum allepicum var. strictum, Stellaria spp., 
Veronica spp., Arnica chamissonis, and Limosella aquatica. In still drier parts 
of these basins, marsh vegetation passes either to wet meadow dominated by 
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Calamagrostis canadensis or to a salicetum in which the most prevalent species 
is Salix petiolaris (S. gracilis). Extensive flats dominated by this willow 
occur in the region. 

A more northerly example of swamp marsh vegetation (Area No. 5) lies 
near the Mackenzie highway, north of the Boyer River. This area has been 
described (18) as flat to undulating beaver meadow country, with occasional 
beaver dams still existing in 1930, and wet meadows up to 80 acres in size. 
Included in the area are a number of marshy ponds; with water usually 6 to 12 
in. deep, over a loose muck soil up to 5 ft. in depth (18). These ponds are 
said to be “fed by underground springs from the adjacent sand and muskeg 
area”. The reed swamp parts of this area are dominated by Scolochloa 
festucacea and Carex atherodes, the marsh portions by Calamagrostis inexpansa 
(widespread and often in nearly pure stands), Carex aquatilis, C. rostrata, and 
Glyceria grandis, which is locally dominant. Common secondary species 
include most of those shown for Area No. 4. Still drier parts (wet meadows) 
of the area are dominated by Calamagrostis canadensis, with Poa palustris as 
a common associate. Scattered in parts of the marsh and also on its fringes 
are clumps of willow species, including Salix planifolia, S. bebbiana, S. mac- 
calliana, and S. petiolaris. Locally there are thickets of willow, grass, and 
sedge that might well be called willow swamp. Elsewhere, alder (Alnus 
rugosa) occurs with willow and graminoid species to form alder—willow swamp. 
Tamarack (Larix laricina), balsam poplar (Populus balsamifera), and white 
spruce (Picea glauca) are common elements in these woody swamps. These 
various mixtures are interpreted as transition stages to tamarack, poplar, and 
white spruce associations. 

While, in general, succession is from reed swamp, through marsh, and wet 
meadow to wooded communities, this sere appears to have been halted 
indefinitely at a meadow stage in localized areas. Two meadow types, each 
interpreted as an edaphic climax, are recognized, viz.: 


(a) Agropyron—Carex grassland, already described (7) as the Agropyron-— 
Carex faciation of the Agropyron—Stipa—Carex grassland community of the 
Peace River region. This meadow is believed to have “succeeded a marsh 
community characterized by coarse grasses and sedges, including Calama- 
grostis inexpansa and Carex atherodes’’, which are interpreted as relict species 
that have persisted from the lower community. The view is expressed that 
these lowland areas have persisted as grasslands because their heavy, poorly 
aerated, alluvial soils, as well as their tight sod and dense plant cover, have 
militated against the success of trees, and possibly also because of tree killing 
through periodic flooding. Worthy of note is the remarkable ecological 
amplitude of Carex atherodes. This sedge is a leading dominant throughout 
the entire reed swamp-marsh—wet meadow-low grassland (A gropyron—Carex) 
sere. 

(6) Saline meadow. This type of vegetation was found in only a few isolated 
areas of the region. These areas are often fed by springs and include pools, 
sinkholes, barren patches, as well as extensive grassy flats. For one such 
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series of ‘‘alkali’’ meadows, located about 35 miles west by northwest of Fort 
Vermilion, Wyatt, Doughty, and Younge (18) say that, owing to the high 
salt concentration in the soil, only the more resistant grasses and sedges grow. 
Regarding the soil profile they state that there is no visible evidence of an 
A: horizon, the very heavy 8-10 in. A; resting on a fine yellowish clay B, 
horizon. Some 30 miles east of the foregoing area are similar saline meadows, 
one of which (Area No. 6) will be described. The leading species are: Hordeum 
jubatum var. caespitosum, Agropyron trachycaulum, Distichlis stricta, Elymus 
macounit, Muhlenbergia richardsonis, Puccinellia nuttalliana, Suaeda depressa. 
Associated species, arranged approximately in order of their prevalence, include: 


Aster ericoides Scolochloa festucacea (wetter places) 
Grindelia squarrosa var. quasiperennis Calamagrostis inexpansa 
Vicia americana Agrostis scabra 

Plantago eriopoda Deschampsia caespitosa 
Aster caerulescens Polygonum exsertum 
Galium boreale Comandra pallida 

Solidago lepida Lactuca pulchella 

Carex praticola Antennaria spp. 

Carex praegracilis Koeleria cristata 

Smilacina stellata Poa pratensis 

Glaux maritima Beckmannia syzigachne 
Hieracium umbellatum Astragalus striatus 
Androsace septentrionalis Cladonia spp. 

Triglochin maritima Cerastium arvense 

Primula incana Geum triflorum 

Orthocarpus luteus Stachys palustris var. pilosa 


Arabis hirsuta 


Additional species observed in salt meadows of the region are: Hordemu 
jubatum (typical), Poa canbyi (common in drier parts), Spartina gracilis, Poa 
palustris, Iva axillaris, Atriplex nuttallii, A. patula, Polygonum achoreum, 
Juncus balticus var. littoralis, Eleocharis sp., Chenopodium salinum, Ranunculus 
cymbalaria, and Astragalus bisulcatus. It will be noted that, in addition to 
species peculiar to saline habitats, these meadows have numerous plants found 
also in the prairie grassland of the region. 


Retrogression of Marsh through Burning 


Though the larger and wetter marshes are rarely burned, those of small, 
shallow basins that are subject to periodic drying are more or less affected by 
fire, sometimes even to the extent of complete destruction of the accumulated 
peat. Many marshy areas have been drained and then burned by settlers 
in the process of reclaiming land for agricultural purposes. A light surface 
fire produces only minor changes in the prevailing marsh cover, but one that 
also consumes the organic substratum causes marked retrogression. In the 
latter event, ultimate return to something like the original cover may be 
expected, if natural conditions prevail. 
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An example of severely burned marsh is Area No. 7 near Eaglesham. This 
marsh was examined about two years after a fire had destroyed not only the 
vegetation but the greater part of the peaty substratum. A certain amount 
of desiccation, through drainage, had preceded the burning. Large tracts of 
the original lake bottom were exposed by the destruction of the 8 to 16 in. of 
peat. Remnants of the marsh vegetation indicated that this had consisted 
chiefly of Scolochloa festucacea, with scattered patches of Calamagrostis in- 
expansa, and the coarse sedges, Carex atherodes, C. rostrata, and C. aquatilis. 
These species would doubtless tend to reoccupy the area, upon the return of 
the original natural conditions. Meanwhile, however, various pioneer species 
are predominant. Included are several introduced weeds, chiefly annuals, 
and also a number of native species with weedlike propensities. The more 
common plants of denuded places are Atriplex patula, Artemisia biennis, 
Chenopodium rubrum, Lactuca pulchella, Urtica gracilis, Chenopodium album, 
and Equisetum arvense, the latter seemingly having escaped burning as rhizome- 
tubers in the mineral substratum. Less prevalent species are Epilobium 
angustifolium, Erigeron canadensis, Stachys palustris var. pilosa, and Populus 
tremuloides, the latter occurring as one- and two-year plants from seed. Other 
plants recorded for the burned patches include: Polygonum convolvulus, 
Taraxacum sp., Rorippa islandica var. hispida, Ranunculus sceleratus, Senecio 
eremophilus, Polygonum aviculare, Erysimum cheiranthoides, Potentilla norvegica, 
Chenopodium glaucum, Epilobium leptophyllum, Hordeum jubatum, Lactuca 
scariola, Achillea millefolium, Agropyron trachycaulum, Puccinellia nuttalliana, 
Descurainia sophia, Arabis glabra, Sonchus asper, and Plantago major. 


Marsh-—Bog Transition 

Reference has been made to the development of marsh into tamarack 
swamp. An early stage in this kind of succession is illustrated by a boggy 
marsh (Area No. 8) located in a sandhill-muskeg region, a few miles south of 
Grande Prairie. Though the sedge-grass cover of this area presents the 
general appearance of marsh, the considerable depth of water (1-2 ft. in mid- 
summer) indicates reed swamp. But bog affinities are even more striking, 
for there is a dense growth of moss in the water and many of the higher plants 
are reminiscent of bogs. The area is a rather deep basin (Fig. 2), surrounded 
by sand ridges whose slopes and tops have open pine (Pinus banksiana and 
P. contorta var. latifolia) stands and occasional white spruce (Picea glauca) 
groves. Other basins of this region are occupied by similar boggy marshes 
or by tamarack swamp, or by the black spruce (Picea mariana) association or 
by mixtures of these various kinds of vegetation. Circumstantial evidence from 
these marshes and bogs indicates a natural succession from marsh, through 
tamarack swamp, to Sphagnum bog and bog forest dominated by black spruce. 

The vegetation of this boggy marsh (Area No. 8) may be described in terms 
of three strata. The upper stratum, which gives the general aspect, is charac- 
terized by the following species: Carex lasiocarpa var. americana, C. diandra, 
C. aquatilis, Calamagrostis inexpansa, Equisetum fluviatile, and Eriophorum 
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Fic. 2. Boggy marsh in a sandhill-muskeg region south of Grande Prairie. Pine and 
white spruce on higher ground. Bog forest with black spruce in the background to the 
right. Willows on the marsh margin in the foreground 


Fic. 3. Lake near Smith. Nuphar variegatum in the open water; Drepanocladus 
Carex bog at the lake margin; Picea mariana and Larix laricina associations in the back- 
ground. 
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IG repanocladus-Carex bog south of Smith. og birch, bog willow, anc 1e 
Fic. 4. D ladus~( | th of Smitl Bog birch, bog will 1 th 
grass, Muhlenbergia glomerata var. cinnotdes are prevalent, with the moss and sedges. In 

the background is bog forest, partly burned 


Fic. 5 \ Drepanocladus-Carex bog near Smith, with less birch and grass than the 
former, though birch is abundant at the right. White spruce and willows near the base 
of the sand ridge shown in the background. 
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gracile. Of these species, the first two, and probably the last one, are associated 
with bogs rather than with the less acid type of marsh already described in 
this paper. The middle stratum, consisting of submerged or slightly emergent 
plants, is dominated by Utricularia vulgaris, with which are associated Poly- 
gonum amphibium and Potentilla palustris, the latter a species of boggy 
habitats. Other plants noted in the upper and middle strata are Triglochin 
maritima, Carex rostrata, Lysimachia thrysiflora, Petasites sagittata, and Senecio 
pauperculus. The lower stratum, entirely immersed and covering the floor, 
consists of a thick, dense growth of moss, chiefly Drepanocladus aduncus 
(Hedw.) Warnst. Peat borings were not made but the probability is that a 
considerable thickness of Drepanocladus peat has accumulated. Scattered 
through the marsh and along the fringe are willow thickets, with Salix 
candida, S. pedicellaris var. hypoglauca (common in the wetter parts), S. 
serissima, S. petiolaris, and S. bebbiana. The first two of these willows are 
definitely species of boggy areas in our region. 


Bog Vegetation 


The bogs of the region fall into two main series: (a) Drepanocladus—Carex 
bogs, developed in basins from aquatic vegetation and marsh, and leading 
through bog willow and bog birch stages to a Larix laricina association, or 
through various stages to Sphagnum—Ledum—Picea vegetation; (b) Sphagnum 
bogs, developed as just indicated or from aquatic-marsh conditions without the 
interpolation of marked Drepanocladus or shrub phases. 


Drepanocladus—Carex Bogs 

Various stages in the development of this type of bog and in succession to 
higher communities are exhibited by a sandhill—bog region a few miles south- 
east of Smith. Many of the basins of this region are occupied by small lakes 
with boggy margins; others are completely covered by some kind of bog or 
bog forest. 

Early stages in the growth of a Drepanocladus—Carex bog at a lake margin 
are shown by Area No.9. Rooted in the muck bottom of the lake is Nuphar 
variegatum, whose leaves cover a large portion of the lake surface (Fig. 3). 
The quaking, marginal zone of the bog rises 1 to 2 ft. above the water level 
and consists of sedge tussocks, characterized by Carex diandra and C. lasio- 
carpa var. americana, and associated mounds and mats of Drepanocladus 
intermedius (Lindb.) Warnst. Prominent secondary species are Calamagrostis 
inexpansa, Menyanthes trifoliata, Potentilla palustris, Eriophorum gracile, 
Caltha palustris, Salix pedicellaris var. hypoglauca, Betula glandulosa, Equtse- 
tum fluviatile, Aster junciformis, Lysimachia thyrsiflora, Cicuta bulbifera, 
Galium labradoricum, and Muhlenbergia glomerata var. cinnoides. From the 
wet, springy, marginal zone there is a gradual transition to wooded vegetation, 
a Larix laricina association locally, a Picea mariana association elsewhere. 
This transition zone is narrow at the end of the lake, as shown in Fig. 3, but 
quite broad along the side of the lake. There the sedges decrease while 
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Muhlenbergia glomerata var. cinnoides increases as also do certain shrubs. 
Bog birch and small willows, including Salix candida, are prevalent and there 
are numerous small spruce and tamarack, also a few large tamarack. Whether 
these scattered, older tamarack trees are survivors of a fire or whether they 
represent a sporadic colonization of the bog was not determined. 


An important stage in bog development is illustrated by Area No. 10, a 
basin that for a long time has been covered by Drepanocladus—Carex bog and 
is characterized now by conspicuous shrub strata and considerable grass along 
with sedge and moss on the floor (Fig. No. 4). Bog birch, Betula glandulosa, 
forms the upper stratum, and the bog willow, Salix pedicellaris var. hypoglauca 
grows as a low shrub stratum. Associated with Drepanocladus and sedges 
(chiefly Carex diandra) on the floor of the bog is the grass, Muhlenbergia 
glomerata var. cinnoides and several less prominent species. Small tamarack 
are scattered in parts of the bog, as also are a very few small black spruce. 
There are remains of small dead tamarack in places, these being the result of a 
burn, or possibly of an insect depredation. One side of the bog is being 
invaded by Sphagnum mats and mounds, with associated ericads and young 
black spruce, followed behind by spruce bog forest. Part of the latter, seen 
in the background of Fig. 4, was severely burned a few years ago. The 
Drepanocladus peat of this bog was found to be 4 to 6 ft. thick. 

Advanced stages in development of this kind of bog, namely, tamarack 
swamps and bog forests, are represented by many basins of the region. One 
of these, located about 12 miles south of Smith (Area No. 11), has been 
described as the second example of tamarack vegetation in an earlier paper (8). 


A final example (Area No. 12) of Drepanocladus—Carex bog will be described 
in some detail. This bog, about 400 X 600 yd. in size, is surrounded by sand 
ridges with stands of Pinus banksiana on the drier parts and occasional 
groves of Picea glauca on the lower slopes (Fig. 5). The chief peat-forming 
moss, being common on the surface and as peat, appears to be Drepanocladus 
intermedius. A second moss, Meesia uliginosa Hedw. is scattered throughout 
and abundant locally. In contrast with most bogs of the region, bog birch is 
only locally abundant here, though bog willow, Salix pedicellaris var. hypo- 
glauca and Lonicera villosa var. solonis are prevalent. There are a few other 
willows, also occasional young plants of Populus tremuloides, P. balsamifera, 
Picea mariana, Larix laricina, Betula papyrifera, and Pinus banksiana. 
Evidently, this bog surface has served in recent years as a good seed bed for 
a great assortment of species. Few ericads occur, though Andromeda polifolia 
is abundant locally. Sedges are prominent, especially Carex diandra, and there 
is a scattered growth of grass, comprised mostly of Muhlenbergia glomerata 
var. cinnoides, Calamagrostis inexpansa, and Agrostis scabra. Other higher 
plants, in approximate order of their prevalence, include: Potentilla palustris 
and Menyanthes trifoliata (which may be interpreted as relict species), 
Parnassia palustris var. neogaea, Potentilla norvegica, Aster junciformis, Rubus 
acaulis, Stellaria longifolia, Epilobium leptophyllum, Arenaria dawsonensis 
Britt., Achillea millefolium, Senecio pauperculus, Equisetum fluviatile (relict), 
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Erigeron lonchophyllus, Ribes hirtellum, Vaccinium canadense, Triglochin 
maritima, Bromus ciliatus, Arabis hirsuta, and Eriophorum viridicarinatum. 
For this bog, some information on the depth and nature of the peat was 
obtained. Peat samples taken at intervals across the bog showed that the 
depth increased gradually from 3 ft. at 25 ft. from the periphery to 8 ft. in 
the central part of the bog. Most of the peat appeared dark and quite 
decomposed, indicating fluctuations in conditions, probably flooding, drying, 
and burning. The peat seemed to be predominantly Drepanocladus through- 
out and to rest on a sandy floor, with little evidence of marsh or limnic peat, 
except in the central part of the bog, where mixed moss-sedge peat was 
identified at the 6 ft. level and much decomposed sandy peat near the bottom 
at 7-8 ft. levels. This sandy peat contained numerous gastropods, chiefly the 
small pond snail, Gyraulus parvus, as determined by Prof. R. B. Miller of 
our Department of Zoology. Evidently, Drepanocladus—Carex bog followed a 
relatively short pond stage, even in the central part of the basin. A certain 
amount of wood (probably tamarack) in the moss-sedge peat at the 6 ft. 
depth suggests the possibility that the bog was at least partly wooded at quite 
an early stage. 


Succession to Sphagnum Bog 

Development of Sphagnum bog from the Drepanocladus—Carex type, 
already described briefly for Area No. 10, will be elaborated in connection with 
Area No. 12. Along one side of this bog there is a strip of muskeg, charac- 
terized by Sphagnum mounds, ericads, and Picea mariana. This is a secondary 
development, for the relatively thin layer of Sphagnum rests upon Drepano- 
cladus peat. The older part of this muskeg, that near the periphery of the 
basin, had actually reached the Picea mariana forest stage, but recently had 
reverted to a Sphagnum—Ledum stage as a result of a severe burn. The drier 
moss mounds are composed mainly of Sphagnum fuscum, Camptothecium nitens, 
and Pélytrichum juniperinum, the more moist mounds and mats of Sphagnum 
magellanicum and Aulacomnium palustre. Growing with the mosses are the 
following species, in approximate order of their prevalence and coverage: 


Ledum groenlandicum Picea mariana (young trees) 
Vaccinium oxycoccos Betula glandulosa 

Vaccinium vitis-idaea var. minus __Cladonia spp. 

Vaccinium canadense Rubus acaulis 

Andromeda polifolia Salix maccalliana 

Equisetum sylvaticum Salix pedicellaris var. hypoglauca 
Equisetum arvense Salix candida 

Larix laricina Galium sp. 

Carex aquatilis Drosera rotundifolia 

Smilacina trifolia Spiranthes romanzoffiana 


Lonicera villosa var. solonis 


There is a gradual change from this marginal Sphagnum—Ledum vegetation 
to that characteristic of the Drepanocladus—Carex bog. In the transition zone 
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there are mats and low mounds of Sphagnum magellanicum on the Drepano- 
cladus floor, an abundance of Andromeda polifolia, and considerable Muhlen- 
bergia glomerata var. cinnoides, Betula glandulosa, Rubus acaulis, Salix pedi- 
cellaris var. hypoglauca, Carex diandra, and other sedges. Counteracting the 
tendency of Sphagnum to advance over the bog at present is the aridity factor, 
for there is evidence of recent desiccation through roadside ditching. But it 
may be that, at times in the past, the advance of Sphagnum was retarded by 
periodic high water levels. It is suggested that the relatively poor growth of 
bog birch in this basin may be similarly explained. 

The various stages leading from aquatic vegetation to Sphagnum bog are 
further illustrated by reference to Area No. 13, which is in the Hawk Hills 
and more northerly than the areas already described. Bog occurs here along 
one side of a lake, about one half mile in extent. The conspicuous aquatic 
species near the lake margin are Nuphar variegatum, Potamogeton praelongus, 
and P. gramineus var. typicus. Immersed in the water and on the floor are 
Drepanocladus revolvens and D. aduncus. The marginal zone, a boggy marsh 
with a quaking floor and pools of water, is characterized by mats and mounds 
of mosses, including D. revolvens, and such higher plants as Equisetum fluviatile, 
Carex diandra, C. rostrata, C. gynocrates, C. limosa, Eriophorum gracile, and 
E. opacum. More sporadic in occurrence are Typha latifolia, Calamagrostis 
inexpansa, Glyceria borealis, Sparganium chlorocarpum, Carex crawfordii, Aster 
puniceus, Bidens cernua, and Erigeron lonchophyllus. This marginal zone 
passes gradually to a still more boggy zone, where the peat-forming mosses 
are accompanied by such plants as Menyanthes trifoliata, Potentilla palustris, 
Spiranthes romanzoffiana, Agrostis scabra, Stellaria spp., Galium labradoricum, 
Habenaria hyperborea, Caltha palustris, and Valeriana  septentrionalis. 
Encroaching upon this zone are mats of Sphagnum recurvum, back of which are 
mounds of Sphagnum spp. with other characteristic bog plants, notably 
Chamaedaphne calyculata and Ledum groenlandicum. On the higher ground 
back of the Sphagnum bog zone there is mixed Salix, Populus, Alnus rugosa, 
and Picea glauca vegetation. 

Succession from aquatic conditions and marsh to Sphagnum bog, without 
the interpolation of a distinct Drepanocladus phase, has probably been the 
chief mode of bog development in the region, especially northward. Though 
actual stages in this kind of development have not been seen by the writer for 
this region, they have been observed and described for central Alberta (6). 
Moreover, peat studies on bogs presently to be described indicate little or no 
Drepanocladus beneath the Sphagnum. 


Sphagnum Bogs 

Six representative bogs, widely distributed in the region, will be described. 
Though these bogs have many features in common, they show minor floristic 
differences and they illustrate various aspects of bog development as well as 
relationships of Sphagnum and other plants. 

A small bog (Area No. 14), about 80 yd. in diameter, located in the Saddle 
Hills, lies in a depression surrounded by pine-spruce—poplar forest. At the 
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periphery of the bog there is a very wet “‘moat”’ or “‘ditch’’ supporting species 
of Carex, mats of Sphagnum, mostly S. recurvum, and a vigorous growth of 
shrubs, including Betula glandulosa, Salix pyrifolia, S. pedicellaris var. 
hypoglauca, Alnus rugosa, and A.crispa. The general aspect of the bog proper 
is that of Sphagnum mounds with a mantle of Labrador tea (Ledum groen- 
landicum) and numerous small black spruce (Picea mariana) here and there. 
The chief moss is Sphagnum capillaceum, though S. fuscum is fairly abundant 
and S. recurvum grows in a few low, wet places. Closely associated with the 
Sphagnum mounds are Polytrichum juniperinum, Cladonia mitis, Ichmadophila 
ericetorum, Vaccinium vitis-idaea var. minus, V. oxycoccos, Rubus chamaemorus, 
Smilacina trifolia, and Mylea anomala, while between the mounds are Equise- 
tum sylvaticum and Carex aquatilis. Scattered throughout are small bog 
birch, paper birch, and an occasional lodgepole pine. 


A portion (Area No. 15) of a large muskeg located near the east end of Lesser 
Slave Lake is shown in Fig. 6. This area, with its open stand of black spruce, 
tamarack, jack pine, lodgepole pine, and paper birch, might well be called an 
open bog forest. Despite the considerable tree cover, the ground vegetation 
is characteristic of Sphagnum bog in an advanced dry stage. The surface of 
the bog is too dry for good growth of Sphagnum and only scattered hummocks 
of S. capillaceum and S. fuscum occur. Polytrichum is common and Cladonia 
spp. form extensive gray patches. Ledum groenlandicum and Vaccinium spp.» 
are abundant. The peat, which is composed mainly of Sphagnum throughout, 
is only about 18 in. deep and rests on the sandy floor of the bog. Repeated 
burning may have played an important part in the development of this bog. 
The occurrence of pine, especially Pinus banksiana, in bogs is rare in our region. 
Nor are pine, black spruce, and tamarack often found growing together. 

The next example (Area No. 16) of Sphagnum bog introduces certain new 
features. This area is part of an extensive muskeg located about 10 miles 
north of Grimshaw. The well-wooded portion of this muskeg was given in 
an earlier paper (8) as a typical example of the Picea mariana — Sphagnum 
(black spruce — peat moss or bog forest) association. Our area No. 16, charac- 
terized by Sphagnum—Ledum cover and numerous young spruce, is undoubtedly 
the direct result of retrogression through burning of bog forest that had 
previously existed there. Early return to bog forest is indicated. The lead- 
ing species are Sphagnum fuscum, Ledum groenlandicum, Picea mariana, 
Cladonia mitis, Vaccinium oxycoccos, V. vitis-idaea var. minus, and Rubus 
chamaemorus. Secondary species in the general cover include: Eriophorum 
spissum, Polytrichum juniperinum, Cladonia deformis, C. sylvatica, Ichmado- 
phila ericetorum, Camptothecium nitens, Carex spp., Rubus acaulis, and Empe- 
trum nigrum. Portions of this muskeg, including both bog forest and open 
bog parts, exhibit features of bog surface and peat not previously reported for 
the area and found also in the more northern bogs to be described in this paper. 
The surface of the bog shows numerous large, rounded mounds, of various 
shapes and sizes, commonly about 20 ft. in diameter and 3 to 4 ft. above the 
general bog level. The mounds alternate with depressions of various shapes, 
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sizes, and depths, commonly only about 1 ft. below the general level. The 
depth of the peat, as shown by sections taken in depressions near mounds, is 
between 3 and4ft. Through most of a section Sphagnum peat predominates 
but with a strong admixture of other mosses and wood. At 3 to 4 ft. the peat 
is much decomposed but includes Sphagnum and the remains of sedges and a 
few small gastropods, indicative of marsh and pond conditions shortly before 
the establishment of Sphagnum. The mounds of the bog were found to be 
frozen on July 1, in marked contrast with the depressions which showed ne 
frozen peat at that time. In the center of a mound, frozen peat was encoun- 
tered at 1 ft. from the surface and near the margin of the mound, at about 18 
in. The existence of frozen peat and ice in these elevated parts of the bog, 
which are well exposed to direct sunlight and summer heat, seems quite 
remarkable, especially when contrasted with the iceless condition of the peat 
below the depression areas. A few of the depressions are as much as 3 to 4 ft. 
below the general bog level and quite wet, often with some free water. They 
appear to be small, pool-like remnants of the original lake that rather recently 
have been encroached upon by the growing bog. Successional stages in 
Sphagnum bog development are represented in these small areas. Growing 
in the shallow water is Carex aquatilis, Carex spp., Calamagrostis sp., Potentilla 
palustris, Salix planifolia, and Sphagnum tenerum, the latter mostly immersed. 
«Forming wet swards and low mounds beside pools are S. recurvum, S. capil- 
laceum, Aulacomnium sp., and other mosses, accompanied by Carex paupercula 
and Vaccinium oxycoccos. Forming higher mounds are S. capillaceum and 
S. fuscum, associated with which are Polytrichum sp., Stellaria longifolia, 
Vaccinium oxycoccos, Rubus acaulis, and Potentilla palustris. On the highest 
of these mounds and on the periphery of the depressions grow Ledum groen- 
landicum and young Larix laricina and Picea mariana. In terms chiefly of 
Sphagnum, the bog hydrosere indicated here may be expressed as follows: 
Carex—Sphagnum tenerum—S. recurvum—S. capillaceum—S. fuscum—Picea. 
Located near Keg River, about 100 miles north of the last area is a similar 
bog (Area No. 17) with a striking mounded configuration and also with ice- 
domes within the mounds during the summer. The flora of this bog includes 
the following species, arranged approximately in order of their frequency and 
coverage: Sphagnum fuscum, Polytrichum sp., Cladonia spp., Ledum groen- 
landicum, Vaccinium vitis-idaea v. minus, Rubus chamaemorus, Eriophorum 
spissum, Carex sp., Picea mariana, Vaccinium canadense, Chamaedaphne 
calyculata, Betula papyrifera, Smilacina trifolia, Camptothecium nitens, Aula- 
comnium palustre, and Sphagnum recurvum, the last three being prevalent in 
the depressions only. Though a few small pools occur in some of the 
depressions, the bog as a whole is quite dry. Of various shapes and sizes, the 
mounds are mostly only a few yards across and rise 2 to 5 ft. above the 
depressions which are of corresponding shape and size. Many of the mounds 
have abrupt slopes, with fractures and partially dislodged blocks of peat and 
vegetation, as if internal upward thrusts or heaving had occurred during rather 
recent times. Frozen peat and large ice pockets were encountered in the 
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PLATE III 


Fic. 6. Open bog forest near Lesser Slave Lake with Larix laricina, Pinus spp., and 
Picea mariana. The ground flora includes Ledum, Vaccinium, and Cladonia, the latter 
showing as white patches 

Fic. 7. Sphagnum bog and bog forest near Steen River, characterized by prominent 
mounds and winding depressions, the latter with hygrophilous mosses. The mounds 
retain ice masses (permafrost) below the surface mantle during the summer 








PLATE IV 





Fic. 8. Muskeg on the plateau of the Caribou Mts., with a dry ridge of the plateau in 
the background. Featured is a sluggish drainage channel, tenanted by sedges, coarse 
grasses, willows, bog birch, and Sphagnum mats, one of which appears in the foreground 

Fic. 9. A second view of muskeg in the Caribou Mts., showing a large rounded wet 


depression 3 to 4 ft. below the general bog level. Various phases in bog development, 
including Sphagnum succession, are represented in this area. 
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mounds at about 2 ft. from the surface in late July, at which time no frost 
was found in the peat below the depressions. The peat which rests on a 
bluish gray, sandy clay floor, is about 4 ft. thick below the depressions and 
consists chiefly of Sphagnum, with considerable Eriophorum and much wood 
locally. Woody peat is found even close to the floor, and at the 2 ft. level 
there is much charred wood, features that indicate alternating bog forest and 
open Sphagnum bog during the course of the bog’s history. 

Resembling the last two bogs is the one designated Area No. 18, situated 
still farther north, actually at about 59° 30’ N. and near Steen River. The 
uneven surface, with prominent mounds or ridges and winding depressions, is 
shown in Fig. 7. Formerly well-wooded with black spruce, the bog has been 
largely reduced to an open bog condition through burning. The general 
aspect is similar to the Grimshaw bog (Area No. 16), most of the mounds and 
depressions being rather broad. The vegetation also resembles that of the 
Grimshaw bog, differing in having considerable Ledum palustre v. decumbens 
associated with L. groenlandicum, and some Chamaedaphne calyculata. It 
may be noted here that other bogs in the more northern part of the region, 
especially close to the Alberta-N.W.T. boundary, have an abundance of both 
species of Ledum, as well as Chamaedaphne. One of the larger and wetter 
depressions (Fig. 7) showed Sphagnum subsecundum in the water, S. recurvum 
forming the lower mounds and S. fuscum comprising the larger hummocks. 
Associated with the wetter Sphagnum mats and mounds are Carex paupercula, 
Chamaedaphne calyculata, Eriophorum sp., Vaccinium oxycoccos, and Rubus 
chamaemorus. 

The last Sphagnum bog (Area No. 19) to be described is in the southern 
part of the high plateau known as the Caribou Mts. and lies about 30 miles 
north by northeast of Fort Vermilion at Lat. 59° N. The Caribou plateau is 
an area of some 8000 sq. miles, with an altitude of about 3300 ft., which is 
1800-2000 ft. above the surrounding plain. This great plateau has an 
undulating to rolling topography and is characterized by a few dry ridges 
carrying aspen, spruce, and pine, by occasional-lakes, and by huge muskegs 
that cover the greater part of the area (14, 18, 19). The muskegs include 
open Sphagnum bogs and bog forests of various kinds, some of which have 
been decimated by fire. Many of these areas are so wet and soft during the 
summer that they are difficult to traverse on foot and almost impassable for 
horses. Available information indicates that the peat of these muskegs varies 
from 2 to 10 ft. in depth and that much of it is permanently frozen some 2 ft. 
from the surface (18, 19). Many of the wetter bogs have a network of 
sluggish drainage channels, more or less stagnant, with sedges, coarse grasses, 
willows, bog birch, Sphagnum mats, etc. (Fig. 8). There are also large, 
rounded depressions, with wet, moss-carpeted floors, 2-4 ft. below the general 
bog level (Fig. 9). An excellent description of these wet Caribou bogs, in 
terms of impeded drainage, is given by Wyatt and Leahey (19) as follows: 
“The drainage channels are often not discernible or are only sketchily in- 
dicated by a series of disconnected pools, the water obviously seeping but 
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slowly through the mantle of moss and underlying unconsolidated material. 
Where the larger masses of water are thus retarded or partially imprisoned in 
the more or less well defined drainage basins ‘quaking’ muskegs result’. 
Other Caribou muskegs show an irregular topography, similar to the series of 
mounds and depressions described for our Areas 16, 17, and 18. This topo- 
graphy is explained by Wyatt, Doughty, and Younge (18) as a heaving of the 
bog surface brought about chiefly through the freezing of imprisoned waters. 
These phenomena are discussed further in the latter part of this paper. The 
vegetation of drainage channels in wet bogs (Fig. 8) consists of Carex aquatilis, 
Calamagrostis canadensis, Betula glandulosa, Salix planifolia, Eriophorum spp., 
Potentilla palustris, and marginal mats of Sphagnum recurvum, and mounds of 
S. capillaceum, accompanied by Chamaedaphne calyculata, Andromeda polifolia, 
Vaccinium oxycoccos, and Smilacina trifolia. The large, rounded, wet depres- 
sions (Fig. 9), often with pools of water as well as mats and mounds of moss, 
are characterized by: Sphagnum subsecundum in the water, S. recurvum growing 
as mats and low mounds, and Eriophorum spp., Carex limosa, C. brunnescens, 
C. canescens, and Potentilla palustris as associated species. The vegetation 
found in most parts of this open Sphagnum bog (Area No. 19) might be 
designated a Sphagnum fuscum—-S. capillaceum — Ledum — Vaccinium — 
Cladonia — Picea mariana association and is essentially that of Sphagnum bogs 
already described. This association is succeeded by bog forest, dominated by 
Picea mariana. A common variant of Sphagnum bog in the area has a dense 
shrub stratum of bog birch and so might be called a Betula glandulosa phase 
of the association. The exact position of this phase in bog succession was not 
determined. The flora of Area No. 19, exclusive of the channels and depres- 
sions already described, is set forth as follows, the species being arranged 
approximately in order of their prevalence: 


Ledum groenlandicum 
Vaccinium vitis-idaea v. minus 


Sphagnum fuscum 
Sphagnum capillaceum 





Picea mariana 

Rubus chamaemorus 

Betula glandulosa 

Ledum palustre var. decumbens 
Andromeda poltfolia 
Vaccinium oxycoccos 
Chamaedaphne calyculata 
Salix glauca 

Salix planifolia 

Calamagrostis canadensis 
Empetrum nigrum 

Smilacina trifolia 

Carex canescens 

Carex aquatilis 

Arctostaphylos rubra 

Vaccinium uliginosum var. alpinum 


Polytrichum juniperinum 
Cladonia mitts 

Cladonia sylvatica 
Cetraria nivalis 
Equisetum sylvaticum 
Eriophorum spissum 
Potentilla palustris 
Sphagnum recurvum 
Cetraria cucullata 
Cladonia deformis 
Cladonia gonecha 
Cladonia amaurocrea {. oxyceras 
Ichmadophila ericetorum 
Camptothecium nitens 
Sphagnum magellanicum 
Pedicularis labradorica 
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Bog Seres 


The main successional aspects of peat bogs are illustrated by the areas 
already described. The ecological role of different species of Sphagnum in 
bog development has been indicated and will be discussed more fully in the 
latter part of the paper. It may be emphasized here that the most prevalent 
stage of the bog sere is that of bog forest, described in an earlier paper (8) as 
the Picea mariana—- Sphagnum association. Open bogs, such as_ those 
featured in this paper, and characterized by sparse tree cover, are of various 
kinds and present a number of complex problems. Certain of the open bogs, 
or portions of bogs, represent relatively early stages of the bog sere, as has 
been explained above, but others are to be interpreted as disclimax conditions 
brought about mainly through burning. When a bog forest is burned there 
is retrogression to earlier stages of the bog sere. The details of retrogression 
and subsequent development depend on the severity of the burn, especially 
in respect to moss and peat destruction, and also on concomitant changes in 
the water level. Where the peat has been burned to a considerable depth, 
sedges, grasses, and shrubs may come in, and there may thus be a reversion to 
marsh or to Drepanocladus—Carex bog or to some kind of shrub swamp. 
When burning has been confined largely to the tree cover, there is generally 
a fairly early return to bog forest. Repeated burning of mature, or nearly 
mature, Sphagnum bogs tends to produce an open bog phase which is more or 
less static. This is the Ledum moor of an earlier paper (6) and is characterized 
by Ledum groenlandicum, Polytrichum, Cladonia, low mounds of Sphagnum 
fuscum, Eriophorum spissum, Vaccinium vitis-idaea var. minus, and scattered 
black spruce, paper birch, and willows. The relative effects of burning per se, 
level of water table, desiccation through lack of tree cover, availability of 
tree seed, etc., in maintaining this kind of bog are difficult to determine. Tree 
damage by rabbits also makes for the open bog condition. 


Discussion 


When the marshes and bogs of northwestern Alberta are compared with 
those described for contiguous regions they are found, as might be expected, 
to exhibit similar features. For the Wood Buffalo Paik, northeastward from 
our region, Raup (14) has described associations of shore lines, wet meadow, 
saline meadow, and muskeg that resemble closely our main vegetational types 
in their floristic and ecological features. To the southeast of our region, in 
central Alberta, similar reed swamps, marshes, and bogs have been described 
(5, 6). These papers refer to marshes as low moors or cariceta, or as Carex— 
Hypnum associations; they treat Drepanocladus—Carex bogs and related 
vegetation as larch and birch moors (Larix—Hypnum and Betula—Hypnum 
associations); and they refer to Sphagnum bogs as muskegs, with various 
stages, including Ledum moor and young bog forest. The important role of 
Drepanocladus spp. (reported as Hypnum revolvens, H. sendteri, H. aduncum, 
etc.) in the development of larch and birch moors is indicated. Successional 
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stages, described in some detail by Lewis, Dowding, and Moss (6) for reed 
swamps, marshes, and bogs, are similar to those we have observed in north- 
western Alberta. The ecological relationships of various species of Sphagnum 
were not recognized in the earlier papers but have received attention in a 
recent study (9), to which reference is made below. 

That mosses other than Sphagnum spp. play an important part in bog 
development has been emphasized by Rigg (15) and others. Leading 
associates of Sphagnum in our bogs are Polytrichum spp., Aulacomnium 
palustre, Camptothecium nitens, Calliergonella schreberi, and Hylocomium 
splendens, the last two at the bog forest stage. Special attention is drawn 
again to the significance of Drepanocladus spp., which often form thin floor 
carpets in typical marshes and grow as thick mats in the more boggy marshes 
as well as in genuine bogs, where they produce deep deposits of peat. The 
Drepanocladus—Carex bog is one of the more important basic types of vegeta- 
tion in central Alberta and northward to the Peace River region. Bogs of 
this kind were not seen in the more northern parts of our region but they may 
actually occur there. Southward they are especially common in the depres- 
sions of sandhill areas, though they are by no means confined to these areas. 

Floristic changes from south to north through our region are worthy of note. 
There is an apparent decrease northward in the prevalence of Sphagnum 
magellanicum and a corresponding increase in S. capillaceum, the latter being 
the chief moss of wetter bogs in northern Alberta. Other bog species that 
become increasingly prevalent northward are Chamaedaphne calyculata, 
Ledum palustre var. decumbens, Arctostaphylos rubra, Vaccinium uliginosum 
var. alpinum, and Pedicularis labradorica. Of these, C. calyculata has 
actually been found as far south as Jarvie, some 50 miles south of Smith. 


Sphagnum Succession and the Regeneration Cycle 

The succession of Sphagnum species and their associated plants in relation 
to the moisture factor is one of the striking features of bog development. 
Though this aspect of bog ecology was elaborated by Nichols (11) for Cape 
Breton Island, Nova Scotia, many years ago, it has received little attention 
from later students of American bogs. While fully recognizing the part 
played by various seed plants, Nichols shows that different sphagnums 
commonly predominate the successive stages of bog evolution from start to 
finish. Corresponding features have been described recently for bogs near 
Edmonton, Alberta, by Marion Moss (9). Developmental stages for bogs in 
northwestern Alberta are similar to those presented for the Edmonton bogs. 
In terms of leading sphagnums, succession from the early aquatic condition, 
through intermediate stages, to the final ‘‘xeric’’ stage may be shown as 
follows: Sphagnum subsecundum (or, S. tenerum) — S. recurvum — S. 
magellanicum — S. capillaceum — S. fuscum. Northward in the region, 
S. magellanicum is rarely represented in the sere, while S. capillaceum has a 
more important place. This sere is clearly seen in large, wet depressions of 
bogs, and also where sphagnum is advancing upon marsh or Drepanocladus bog. 
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The condition of a growing sphagnum bog where the majority of the 
hummocks are covered by the more xerophilous (or, less hygrophilous) species 
of the sere, and where the hollows are occupied by relatively hygrophilous 
species, has been called a “Regeneration Complex’’. This feature has been 
described for European bogs by Osvald (12), Tansley (16), and others (2), 
and recently for Edmonton bogs (9). The aspect is a mosaic of hummocks 
and hollows occupied by different species, and the development is cyclic, the 
hollows becoming the sites of mounds, and the mounds the sites of hollows, 
through a series of Sphagnum sequences. For Alberta bogs, the ‘‘Regeneration 
Complex”’ may be represented (Fig. 10) in the manner employed by Tansley 
(16) for bogs of the British Isles, though most of the species are different in 
the two regions. As Tansley points out, the structure of the peat formed 
through this cyclic regeneration is lenticular, each lenticle representing a 
complete cycle of ‘hollow-hummock’ development. The Sphagnum cycle 
presented in ‘ideal’ form (Fig. 10) is actually subject to many variations 
through the operation of superimposed factors, such as tree growth, burning, 
and various effects of animals. Moreover, the state of dynamic equilibrium 
inherent in the cycle is followed, sooner or later, by a condition of static 
equilibrium, viz. when the general surface of the bog has become too dry for 
any of the sphagnums except S. fuscum. The bog is then characterized by 
low cushions of S. fuscum and Polytrichum spp., and mats of Cladonia spp., 
accompanied by clumps of Eriophorum spissum and extensive growths of 
Ledum and Vaccinium vitis-idaea var. minus. Usually, too, the bog at this 
stage has a tree cover of Picea mariana and is actually a bog forest. It may 
be noted that the ‘‘Regeneration Complex’ shows the same sequence of 
sphagnums as has been presented for the Sphagnum sere, except that the 
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Fic. 10. Diagrammatic representation of the chief mosses and associated species of 
the regeneration cycle (‘Regeneration Complex’’) in Sphagnum bogs of Alberta. 
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strictly aquatic species do not ordinarily appear in the former. Moreover, 
the same associated species characterize corresponding stages of the regenera- 
tion cycle and the sere. Therefore, a series of species comprising a ‘‘Regenera- 
tion Complex”’ in one situation may be described as seral in another. 


Large Peat Mounds with Frozen Cores 


Reference is made here to bogs with large mounds or ridges and alternating 
depressions, the elevated areas remaining frozen throughout the summer, 
while the depressions thaw out to the bog floor. This condition is well-known 
for peat bogs of northern Europe but has received little attention in the 
literature pertaining to bogs of North America. Most American references 
to this and related phenomena are found in publications dealing with perma- 
frost, solifluction, and tundra vegetation. Rigg (15) reports: that many 
North American bogs are characterized by hummocks on their surface. He 
states that these hummocks rise from a comparatively level surface or have 
meandering morass-like depressions between them. This description is quite 
suggestive of mounded bogs in Alberta, but Rigg makes no mention of frozen 
cores in the hummocks, nor does he discuss the significance of these structures. 
The writer knows of only one definite report of mounded bogs with persisting 
ice cores for the Boreal Region of this Continent, viz. that of Wenner (17) 
dealing with Sphagnum bogs of the forested region of Labrador. Wenner 
refers to these bogs as ‘Palsa’ mires, the tall peat mounds with persisting ice 
masses being known as ‘Palsen’ or ‘Palsas’. The present paper describes this 
phenomenon for four Alberta bogs. 


The conditions under which ‘Palsa’ mounds are produced and maintained 
are apparently not well understood. Explanations of mound formation are 
generally in terms of ice-dome accretion by water drawn up from below. But, 
as Hanson (4) emphasizes, a number of processes are undoubtedly involved in 
their origin and persistence. Of various contributing factors suggested by 
Hanson’s discussion, those applicable to our bogs appear to be: intensity of 
winter cold and of summer thaws; height of water table; drainage patterns; 
uneven snow cover; variations in vegetation, especially tree cover; the last 
two conditions in relation to localized deep freezing and heaving of the bog 
surface. Whether the ice masses of our mounded bogs are relicts of the last 
refrigeration is an intriguing question. A study of changes currently taking 
place in the mounds might be expected to reveal something of their history. 
In this connection, Hanson (4) suggests ‘‘that studies of permanently marked 
spots which can be plotted and in which measurements of the height and 
diameter of mounds can be made should be observed for a number of years, 
and at various times during the year, particularly at times of freezing and 
thawing’. It may be added that Muller’s permafrost map (10) shows the 
southern boundary of permafrost patches across the northwest corner of 
Alberta, in a southwesterly direction from a point south of Hay River to the 
British Columbia border.in the vicinity of the Peace River. Thus our 
mounded bogs are either within or close to the permafrost zone as depicted by 
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Muller. Further investigation of bogs southward from Muller’s permafrost 
line might clarify our understanding of ‘Palsa’ mounds. Though we have not 
observed these structures in the Grande Prairie — Lesser Slave Lake region, 
they may actually occur there, at least as remnants; a study of any such 
remnants might be quite revealing. It may be added that Hansen (3), in 
the course of peat sampling of bogs of this region, encountered no permafrost 
either in the peat or in the underlying inorganic clays and silts. Hansen 
believes, however, that permafrost may have existed in this region at the 
time of bog inception. 
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GROWTH AND MORPHOGENESIS IN THE CANADIAN 
FOREST SPECIES 


I. THE CONTROLS OF CAMBIAL AND APICAL ACTIVITY 
IN PINUS RESINOSA AIT.! 


By G. H. Durr? AND Norau J. NOLAN?® 


Abstract 


The anomalous complexity of the annual rings of young trees which generally 
disqualifies them from use in growth studies is, in P. resinosa, found to arise from 
a remarkably thorough organization of ring width and therefore of cambial 
activity in the tree under the influence of intrinsic determinants. The pattern is 
manifest when the widths of the internodal wood rings of a single year are 
followed in sequence from internode to internode down the tree from the apex. 
A similarly patterned view of the rings is obtained when the ring widths are 
traced in the ring sequence, conventional for growth studies, that passes from 
ring to ring in a given internode. The controlling intrinsic factors are held to 
be nutritional gradients in the axis inferred from the distribution of foliage and 
light along the axis of trees growing in the forest and in the open. 

In both types of sequence the pattern obscures the variations induced by 
random extrinsic factors and severely limits the value of these sequences for 
examining the effect of such factors. This disability can be avoided by the use 
of a third sequence of ring widths in which each term is the width of a ring which 
was laid down in an internode different but of the same age at the time of ring 
formation as the others in the sequence. Such sequences have never been used 
in growth studies. Yet they are found to be unpatterned and the effect of the 
fluctuating extrinsic factors can be examined effectively in them and in them 
alone. 

The complex relation between the responses of the cambium thus determined 
and those of the apical growing point to the random extrinsic factors is found 
to derive from the discontinuity of terminal growth introduced by the winter 
pause between bud formation and axial extension. These two stages of terminal 
growth are influenced by the extrinsic factors of the two different years. The 
effect on the cambium is simpler than this but is determinably related to that 
on the apical growing point. 

The results afford the ground for a first advance toward the removal of the 
disqualification of the use of young trees in studies of growth and of its factorial 
control. 


I. Introduction 


The regular, geometrical form of a conifer such as Pinus resinosa might 
seem to carry a suggestion of simplicity, but the suggestion is not substantiated 
by the facts of its growth. The attempt to achieve a comprehensive view of 
the growth of such a tree is still being defeated by complexity, and this must 
continue as long as the increase in our knowledge remains, as at present, in 
the stage of uncovering more factual complexities. Not until this process of 
discovery has proceeded much farther can we anticipate the emergence of the 
simplifying generalizations which alone could afford the ground for a compre- 
hensive view. Meanwhile analytical study of the subordinate processes 
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comprising the whole growth and developmental activity will ensure pro- 
gressive clarification of the controls of growth and development. The general 
object of the present series of papers is to make a contribution by this means. 

Much of the work to be reported in the early papers, including the present 
one, will be concerned with the growth and development of P. resinosa for the 
first 15 to 30 years of its life. This is the interval in the course of which this 
species passes from the condition of the seedling to that of the young, fruiting 
tree. It is therefore a period of maximum change and development and a 
corresponding biological interest attaches to it. Yet the physiological 
problems of the growth of the young tree have attracted much less attention 
than those of the later stages of development in which the tree approaches a 
condition of commercial utility. This may be accounted for, at least in part, 
by the anomalous complexity of the growth record embodied in those annual 
rings of the wood which are formed in the lower part of the tree in this and 
other species during their juvenile and adolescent years and in the upper 
parts of older trees. Students of tree growth rarely if ever include very 
immature trees or the upper parts of older trees when diameter growth data 
are to be derived in order to relate the variation of growth from year to year 
to the variation of factors contributing to the control of growth. This 
represents a very severe limitation upon the scope of growth studies and even 
upon silviculture. Nor have the reasons for it been sufficiently clarified. 

Avery, Creighton, and Hock, for instance, avoided the inclusion of the early 
years of growth merely because “‘the first 50 or so annual rings are not con- 
sidered suitable for study”’ (2). Adams (1) and Burns (3) discuss the variation 
in width at different levels in the tree of the ring of a single year and the 
former furnishes original data for the jack pine bearing on this question. On 
close examination the numerical data suggest the possibility that the variation 
within the tree might in this species be shown to exhibit an annually recurrent 
pattern which undergoes modification depending upon growth conditions, but 
the manner in which the results are formulated does not make this clear. 
Commenting on the claim of variation in connection with his own study of 
the relation between growth at two levels in the tree on the one hand and 
controlling extrinsic factors on the other, Lyon (5) remarks that if the claim 
of variation be valid, his results showing identical correlation at both levels 
must have been obtained in spite of the variation. Shreve (6) observed that 
the width of the annual rings of any given year rose to a maximum from lower 
values at both extremities of the tree and that the position of the maximum 
varied with the conditions of shading, being lower down the axis in open- 
grown than in close-grown trees. This author’s observations on Pinus 
radiata and Sequoia sempervirens might have been carried to the point of 
elucidating this problem but the data were subjected to insufficient analysis. 
Moreover, the species were far from ideal subjects for this purpose. 

It seems clear that general recognition of complexity in the annual ring 
system of young trees and the upper parts of older trees, in spite of its evident 
importance, has not been matched by a corresponding interest in the nature 
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and origin of this complexity. The result is a serious and indeed remarkable 
deficiency not only in our knowledge of the growth of trees but even in the 
means available for investigating growth. The deficiency became apparent 
early in our studies of growth and morphogenesis in P. resinosa and we were 
presently convinced that satisfactory progress 'n any such study depended 
upon the preliminary clarification of this amongst other questions. In our 
plantations there was ample evidence of the influence exerted by randomized, 
presumably external controls upon terminal growth as recorded in the lengths 
of the internodes in the main axis of the tree. But the corresponding diameter 
growth, recorded in the annual rings, gave no unambiguous evidence of similar 
influence. On the contrary, the annual rings appeared to exhibit systematic 
rather than randomized variation. Convinced that the activity of the 
cambium could not be literally independent of the randomly fluctuating 
incidence of external factors nor wholly controlled by systematic factors, we 
determined to attempt the separation of the systematic from the randomized 
effects. 


The growth habit of such simply and symmetrically formed conifers as 
P. resinosa makes them exceptionally favorable subjects for studies of the 
factorial control of growth. Records of the tree’s growth are accumulated 
year after year in the annual rings and in the successive internodal lengths 
and from this familiar circumstance arises the chief characteristic of numerical 
data for tree growth. This is the long sequences of values showing variation 
in either or both of radial and terminal growth with time and, though much 
less often considered, with position in the tree. Our purposes include as the 
first objective an enquiry into the existence of regular patterns of cambial 
growth and, as the second, the segregation of the regularities, if any, which are 
determined by factors inherent in the structural and functional architecture of 
the tree from those which are conditioned by extrinsic factors of site and stand 
density and both from the random variations which, on principle, we must also 
expect to find. It was evident that we required to consider the greatest 
possible variety of sequences involving not only radial but longitudinal and 
also radiolongitudinal progressions of growth measures in the tree. At the 
same time these would also be progressions in time. This necessitated 
sampling the tree at every internode and measuring all the annual rings at 
every sampling point. From the primary data so obtained the sequences and 
other derivative data could be computed and subjected to analysis. The 
procedure is described in the following sections of the paper. Data so derived 
have been obtained in several years between 1946 and 1952, inclusive, from 
trees that had grown in several parts of Ontario. 

For the purposes of this first analysis we do not propose to attempt any- 
thing like a comprehensive segregation of the factors acting as controls of 
growth. We shall separate them as suggested above into three categories: 
(1) Systematic factors or complexes of factors, the operation of which result 
in a certain uniformity or pattern in the distribution of growth activity no 
matter what the circumstances of growth may be. We may well expect to 
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find that these factors are intrinsic, but we shall not attempt to do more in 
this paper than set up hypotheses of their action and apply these hypotheses 
to the present small body of data. This form of regularity in the distribution 
of growth activity we shall refer to as ‘‘pattern’’. (2) Systematic factors or 
complexes operating to induce regularity in the distribution of growth activity 
which, however, is not the same under all circumstances but varies with 
variation in such conditions as site and stand density. Regularity of this 
type we shall refer to as ‘‘configuration” in order to avoid confusion with 
“pattern”. (3) Randomized factors, the action of which tends to produce 
irregularity and fluctuation in the distribution of growth activity. It may be 
supposed that these are mainly extrinsic factors of the frequently variable 
wind and weather type, but we do not propose to attempt their assortment at 
this preliminary stage in our analysis of growth. 

We consider that the results disclose unmistakably the source of the 
anomalous complexity in the annual rings of P. resinosa and we believe that 
some light is shed on the manner of its origin. But much yet remains to be 
established. We regard it as probable that species of comparable growth 
habit will prove to resemble P. resinosa very closely in the conditioning of 
annual ring growth. If our views are correct it is also probable that trees of 
various habits will be found to exhibit parallel or analogous tendencies. 


II. Derivation of Data 


The primary data were derived in the following way: The tree to be 
examined was cut down after growth had ceased in the autumn and the lengths 
of the internodes along the main axis were measured from the apex downward 
for as many internodes as possible. A section of the main axis was taken in 
the center of each internode and the mean widths of all the annual rings were 
determined in every such section. To do so the section was smoothed and 
the actual widths measured along the four radii of a pair of normal diameters 
marked in pencil on the surface of the section. The mean of these four 
measured widths in our relatively symmetrical trees was found to be inappreci- 
ably different from the mean derived from similar measurements along six 
radii and the use of the smaller number of measures was accordingly considered 
to be justified. A travelling microscope was used and the ring widths were 
read on the vernier to 0.1 mm. 

In this way a single ring occurred and was measured in the first internode. 
In the second internode two rings were measured corresponding to the two 
growth cycles of its existence. The second and outer of the two rings of this 
internode was contemporaneous with the single ring of the first internode or 
leader above and with the outermost ring of every internode below. The 10th 
internode had, of course, 10 rings, each of which had its contemporaries in the 
internodes above and below it, and so on down the tree. The radial widths 
of all the rings were measured as above and the length of the internodes was 
taken in the field. 
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_ Fic. 1. Variation of ring width in the upper, central, and lower parts of the fifth 
internode from the apex of the tree. Tree K52.1. 


Where internodal ring volumes are required they have been calculated from 
the mean ring widths determined as above and used as means applicable not 
only at the center of the internode but throughout its length. This simplifica- 
tion was adopted after observing the variation of ring width between the 
upper, median, and lower parts of the fifth internode. It was found that the 
pith tapered slightly, the first wood ring strongly and the second wood ring 
very slightly or not at all. The subsequent rings were found to be sub- 
stantially uniform and the internode as a whole retains as it grows radially 
only the taper imparted to it in the first year’s growth. The data are given 
in Fig. 1. The use of the value derived at the center.as a mean width for 
the whole internode seems therefore to involve a sufficiently small error to 
be justified. 


III. Results for Cambial Growth 


1. Ring Growth and its Distribution in a Typical Tree 

When the diameter growth of a tree is considered the usual practice is to 
compare the ring widths of successive years in a single vertical position in the 
tree. Sometimes more than one position is taken into account (5) and rarely 
the whole tree has been examined at frequent intervals throughout the main 
axis (1,6). But such results have never been at ail fully exploited but have 
been incompletely or obscurely presented so that they have not influenced the 
formulation of procedures for the analytical study of growth. Where one 
position only is chosen it is almost always low on the axis and in all but quite 
small trees is usually at breast height. When properly safeguarded this 
procedure is adequate for some purposes but not for the purpose of discovering 
and characterizing any cambial growth pattern that there may be in the tree. 








476 CANADIAN JOURNAL OF BOTANY. VOL. 31 


We have the latter object in view and have therefore adopted a different 
procedure which can be understood from the description already given of the 
measurements made and from Fig. 2. 
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Fic. 2. The widths of the rings in successive internodes from the apex of the tree. 
The width of each ring is plotted as a point marked by a solid circle. The chronology is 
that of internode formation. Tree K52.1. 


The data of this figure were derived from tree K52.1 which grew in a 
plantation of the Petawawa Forest Experiment Station, Chalk River. It was 
chosen as an example of a good plantation tree of its species and age. The 
tree was 29 years old, 43 ft. 7 in. high, actively growing on a favorable site 
but suffering from progressively intensifying mutual suppression in the stand. 
Eleven whorls of branches were alive and the position of whorls 12 to 20, 
killed by the shading of neighbors, was unmistakably evident, so that 20 
internodes were measured and sectioned. 

At equal intervals along the axis of abscissae (Fig. 2) we plot the successive 
internodes formed year after year by the apical meristem in the successive 
seasons of growth. This is equivalent to setting up the series of internodes 
as an array in space and time. The point nearest the origin corresponds to 
the latest year of growth, that is, to the year in which was formed the internode 
referred to as the first. This is the first in a positional sense since it is at the 
apex of the tree, but in a temporal sense it was the last to be formed. 
Obviously, as we proceed along the axis of abscissae from the origin we proceed 
down the tree and we run counter to time in the sense that the successive 
internodes charted along this axis were formed progressively earlier. Thus 
both time and position (or order) are actually entailed in the scale of this 
axis, but the data are clearer if the element of time is kept subordinate to that 
of position in this plotting. We therefore mark the scale: “‘number of the 
internode from the apex’, and the time relations are indicated incidentally. 
Along the axis of ordinates we plot the widths of the rings, every ring at each 
internode being represented by a point plotted according to the ring’s width, 
each one measured from the zero of the ordinate axis. Thus at the plot of 
the first internode one point only occurs; at the second, two and at the third, 
three points are plotted, each representing the width of a ring. At the 10th 
internode 10 points occur and so on down the series. 
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Since we are attempting to disclose the pattern of ring growth we first 
focussed attention upon the comparative widths of the rings formed in any 
one year (or every year separately) in the succession of internodes from the 
apex downward rather than upon the comparative widths of the rings of 
different years at any (or every) internode. It greatly assists visual perception 
to join by a line in the figure all the points of a given year. This line then 
traces the growth of a given year in a sequence passing from internode to 
internode down the main axis of the tree. The data plotted as points in Fig. 2 
are redrafted in Fig. 3 with the points of each year for the last 22 years of 
growth joined by a line. 
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Fic. 3. The widths of the rings in successive internodes, as in Fig. 2, but with lines 
drawn to connect the points representing all the internodal rings formed in a single year. 
Each set of connected points constitutes a sequence of ring widths (i.e. cambial growth) 
of the “‘first type”. Each first type sequence begins in its turn with the origin at the top 
of the tree of a new internode and continues down the tree from internode to internode as 
the latest annual radial increment. The solid circles marking the points in Fig. 2 are 
omitted in this figure. Tree K52.1. 


It is immediately apparent that there existed a quite definite pattern of 
ring width and therefore, in some sense, of cambial activity in this tree that 
was repeated year after year with minor variations. We have examined in 
this way the growth of over 30 young red pines from about 15 to over 30 years 
of age from five localities and a variety of sites lying between Georgian Bay 
and the Ottawa river. The pattern is present in the corresponding sequences 
of them all and it is impossible to reject the conclusion that it is of general 
occurrence in this species. A specimen of white pine has also been examined 
and found to manifest a similar pattern. 

The character and uniformity of the growth pattern in the tree is 
accentuated by plotting the data in such a way as to give the axis of abscissae 
a predominantly temporal instead of a predominantely positional significance. 
To do this we make the graphical origin represent the year of origin of every 
internode. The effect is clear in Fig. 4 for the data of Fig. 3, tree K52.1. 
This places all the graphs representing the variation of contemporary ring 
width down the axis of the tree in alignment with one another along a single, 
common time scale. Thus they constitute a family of graphs each of which 
represents a sequence of ring widths. Clearly the similarities of the pattern 
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from year to year are more prominent than the differences. Yet differences are 
evident and it is manifestly possible to discriminate years of good from years 
of poor growth. But the basis of the discrimination is complex and involves 
the comparison of corresponding points of the sequences with one another 
along a great part of the tree’s axis. Later we will re-examine these data 
with a view to deriving ultimately a simpler numerical basis for the evaluation 
of variation in growth activity and its distribution amongst the three categories 
of factors referred to in Section 1. 
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_ Fic. 4. Family of first type sequences of ring width (i.e. cambial growth) that appear 
in Fig. 3 but are ‘here realigned so as to make the oe al origin represent the year of 
origin of every internode and hence of every sequence. Each first type sequence repre- 
sents the radial increment of the tree for a certain, single year, its successive terms being 
the radial increments of the successive internodes from the apex down. In the early 
years of growth the sequences were short; the longest sequence was that of the year in 
which the tree was cut down. Typical plantation tree K52.1. 


The elements of the pattern and their most obvious modifications are: 
(a) The ring of secondary wood formed in the internode’s first year, when it 
was the leader, is always very narrow. The substantial diameter of the leader 
itself derives from its considerable pith. A comparison of the available 
examples shows that though the width of this ring is always small, it is greater 
in rapidly than in slowly growing trees and in the same tree it is greater in 
years of good than in years of poor growth measured otherwise. (b) The 
width of the rings contemporary with that of the leader increases for a certain 
number of internodes. Comparison again shows that this number is smaller 
for closely grown than for openly grown trees. At the point where the increase 
ceases a maximum width for that year occurs. This maximum is numerically 
greater for rapidly than for slowly growing trees and in the same tree it is 
higher in years of good than in years of poor growth. (c) The contemporary 
ring width diminishes from the maximum for 10, 12, or more internodes, 
ultimately approaching values that either remain relatively steady or vary 
slightly about a practically steady or very gently declining mean as the tree 
is further descended. Comparison shows that the downward trend in ring 
width is greatest in actively growing trees such as the example before us, in 
which mutual suppression had come to be intensified progressively with 
growth, and is least in slowly growing trees (in which the maximum is low) and 
in individuals of rapid or slow growth which have been free from competition 
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from the beginning. The more or less steady or very slowly declining 
values at which the pattern appears to stabilize beyond the maximum are 
relatively great or small depending upon whether growth is rapid or slow. 


It is evident that if the annual ring growth exhibits year after year the sort 
of longitudinal pattern in the main axis of the tree that is demonstrated in 
Figs. 3 or 4, ring width cannot fail to be similarly patterned also in the radial 
direction. In respect of all their growth characteristics, including the mean 
rate of growth, the whole set of internodal rings which makes up the wood 
must constitute a tissue-system thoroughly organized with law and order in 
three dimensions. The randomly fluctuating influences, presumably chiefly 
of the external controls of growth, though not without effect upon ring width, 
as shown in Fig. 4, are nevertheless dominated in the patterned sequences by 
a recurrent growth pattern which must be imposed by systematized factors 
operating year after year in the same way. We will consider evidence of the 
nature of these systematic factors at a later point of the paper. We seek here 
only a means of portraying graphically and completely this thoroughly 
organized state of the growth function in the wood, using as space and growth 
components: (a) the longitudinal position of the internode, (b) the radial 
position of the internodal ring, and (c) the width of the internodal ring. A 
diagram is given in Fig. 5 with this object. 

This figure is intended to be more comprehensive than Figs. 3 or 4 and both 
axes must therefore be assigned equally their temporal as well as their spatial 
significance. For the abscissal axis the spatial dimension is marked on the 
upper and the temporal on the lower margin of the diagram. Time is marked 
on the right and position on the left of the diagram for the axis of ordinates. 
In order that ring width may be portrayed siniply and clearly in its relation 
to both time and space, the internodes and rings, even though they are unequal 
in length and width respectively must be plotted at uniform intervals like the 
years of growth. The latter are also in reality unequal in effective length. 
Unless the intervals were made uniform it would not be possible in a two- 
dimensional histogram to maintain the alignment of year, internode, and 
internodal ring so essential to clarity. The relative position in the tree of 
each internodal ring is marked by a short line. The width of the ring is 
represented by the length of the short line and the numerical value of the width 
is ascertainable from the scale marked on the histogram. By reference to the 
calibrations on the left and above, it is immediately apparent in what inter- 
node, counting from the apex of the tree, the ring occurs and to what serial 
number, counting from the pith, any ring corresponds. The localization of 
the internodal ring is thus completely achieved by referring it to a point on 
each of two axes representing the radial and longitudinal components of space. 

The time relations of ring formation are complicated by the fact that two 
scales must be considered in time as well as in space. The first and simplest 
in meaning is the scale which marks the year in which a given ring is laid 
down by itscambium. The other is the scale which corresponds to the action 
of the apical meristem and which therefore marks the year in which a given 
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Fic. 5. Histogram representing the internal design of the internodal rings resulting 
from the orderly and controlled distribution of cambial growth activity in the tree. Apex 
of the tree at the top, pith on the right, and the outer and most recently formed internodal 
rings on the left. Each internodal ring is represented by a short line of which the length 
is proportional to the width of the ring. For details of the sequences see the text. Typical 
plantation tree K52.1. 
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internode and its cambium is brought into existence. That these two cannot 
be treated as independent is clear from the fact alone that at different levels 
of the tree, though rings may be formed in the same year, they are formed in 
internodes and by cambia of different ages. Since we cannot assume that the 
internodal cambia at various ages and positions in the main axis are necessarily 
equivalent, we must make allowance for the possible variations of growth 
activity along both time scales. The time scales of terminal and diameter 
growth are found below and to the right, respectively, of the diagram. Two 
sets of guide lines have been added to assist the reading of the histogram. 


Each series of values plotted in the individual graphs of Figs. 3 and 4 isa 
record of the variation in mean internodal ring width of a given year’s growth 
as it is found in a sequence passing from internode to internode down the tree. 
These same are represented in Fig. 5 by sequences of lines that begin in the 
upper part of the histogram and run diagonally downward and to the left as 
indicated by the dotted guide lines. We refer to this as a sequence of type 1, 
the characteristic of which is that ring width is traced from internode to 
internode in the rings of the same year. It is important to note in Fig. 5 
what could not be demonstrated in Figs. 3 or 4, that the type 1 sequence 
progresses not only longitudinally but also radially in the tree. It is with the 
radial rather than the longitudinal component of the progression in space that 
the highly patterned character of the sequence proves to be associated. That 
the type 1 sequences of the histogram are highly patterned, being of course 
numerically identical with the sequences represented by the individual graphs 
of Figs. 3 or 4, becomes evident upon close inspection. Evidence of the effect 
of randomly fluctuating factors, tending to produce irregularity in the 
sequence, is present but obscure. 


In addition to the sequence of type 1 which was the only one to appear 
in Figs. 3 or 4, Fig. 5 portrays two other types as well. To type 2 belong 
sequences that progress radially from one year’s cambial growth to another in 
the same internode. These are the sequences conventionally used in analytical 
studies of tree growth and they are the horizontal sequences of the diagram. 
It is manifest from them that, according to expectations, internodal ring width 
is markedly patterned radially. The record of growth that would have been 
obtained from a single section or core taken at any chosen internode—the 
20th for instance—is clearly demonstrated in the appropriate horizontal 
sequence. It is obvious that the gradual rise and fall of ring width manifested 
so prominently in this and adjacent sequences is the chief characteristic of 
the systematic pattern in which ring growth is distributed in the main axis. 
It is equally clear that because of the dominant influence of the systematized 
faqtors that induced the pattern, be they intrinsic, extrinsic, or both in origin, 
the evidence of the effect of randomized factors is subordinate. Yet we must 
assume that randomized factors, some extrinsic in origin, are in operation and 
indeed their effects are discernible in the data. 





Finally, Fig. 5 also embodies the third type of sequence in which the 
progression is both from internode to internode and from one year’s cambial 
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growth to another. These are the vertical sequences of the histogram. The 
internodal rings comprising a given sequence of the third type, though belong- 
ing to different internodes and different years of growth have, as a constant, 
common formal element a uniform number of other rings separating them 
from the pith. Thus for instance, all the fourth rings from the pith comprise 
a type 3 sequence. In other words, this particular sequence is formed from 
all the internodal rings laid down in the fourth year from the origin of their 
respective internodes. In more general terms, the rings of a type 3 sequence 
are laid down from internodal cambia and in internodes which are of uniform 
age. In each one of a family of type 3 sequences such as that of Fig. 5 the 
age is different. Accordingly, in a sequence of the third type the progression 
involves time (year of ring formation) and also the longitudinal, but not the 
radial component of space. In both type 1 and type 2 sequences the pro- 
gression involves the radial component and both types possess a marked 
pattern. The radial component is eliminated from the progression of type 3 
and inspection of the histogram shows that the gradual rise and fall of ring 
width, which is the essential element of the dominant growth pattern recog- 
nized in sequences of types 1 and 2 has been eliminated also. In such circum- 
stances sequences of the third type should afford an opportunity for the 
effects of the factors controlling’ configuration and randomization to be 
manifested more clearly than is possible in sequences of the other types. The 
evidence that this expectation is realized will be considered in a later section 
of the paper. We will also consider at a later point the conclusions that we 
propose to draw regarding the systematic factors from the fact, amongst others, 
that the growth pattern is associated with the radial and not the longitudinal 
component of the progression in space. 

We may conclude this section by summarizing the characteristics of the 
three types of sequences by the consideration of which the distribution of 
internodal cambial growth activity in a typical young plantation red pine has 
been formulated. 

Type 1 sequence.—Strong, regular pattern of gradually rising, maximating, 
and falling mean, internodal ring width of a single year’s growth, with 
progression from internode to internode down the tree. Progression in space 
is both radial and longitudinal. There is no progression in time of origin of 
the rings, which are comtemporaneous. But the succession of internodal 
cambia from which the rings are formed are of progressively increasing age. 
Randomly distributed variations are present but only as a superimposition 
upon and therefore dominated by the regular variations of the pattern. 

Type 2 sequence.—Strong, regular pattern of gradually rising, maximating, 
and falling mean, internodal ring width in a single internode with progression 
from one ring to the next. Progression in space is radial only. Progression 
in time does not involve change from the product of one internodal cambium 
to that of another, but does entail progressively increasing age of the single 
internodal cambium. Randomly distributed variations present, but again 
superimposed upon and dominated by systematic variations of the pattern. 
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Type 3 sequence.—Essentially unpatterned variation of mean, internodal 
ring width with progression from internode to internode down the tree at a 
uniform ring number from the pith. Progression in space is longitudinal only 
and is devoid of radial component. All the rings of a given sequence were 
laid down in their respective internodes when those internodes and cambia 
were a uniform age. Thus the progression in time does not involve cambial 
age but does involve the formation of the successive rings of the sequence in 
successive years which involves apical activity. Randomly distributed 
variations are clearly manifest and are not dominated by systematic, patterned 
variations in this type of sequence. 


ITI.2. Distribution of Cambial Growth Activity in Comparison Trees 


Our records contain the data for two trees which by their age, geographical 
locality, and site conditions were particularly well constituted to be compared 
in detail with tree K52.1 which was the subject of the preceding subsection. 
The ring growth of one of these trees was much less and of the other much 
more active than that of K52.1. The former grew under conditions of more 
severe and earlier suppression than did K52.1. The third tree was entirely 
open grown. From such a series of three it should be possible to derive some 
evidence as to how far these very different conditions of growth determined 
or modified the systematic growth pattern that our examination of K52.1 
disclosed. 

The first comparison tree is K47.5, which grew in the vicinity of the Deep 
River townsite in the Ottawa valley. It was one of the mixed stand of a 
wood lot. The tree had been quite severely suppressed in the early years of 
growth, but in or after 1930 the young tree had been liberated by cutting in 
the woodlot. The liberation was partial only, and suppression was again 
manifesting itself when the tree was cut down. This tree grew very much 
more slowly than K52.1. 
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Fic. 6. Family of first type sequences of ring width corresponding to Fig. 4 but in this 
instance for the suppressed tree K47.5. 


The data for K47.5 are given in Figs. 6 and 7 which correspond to Figs. 4 
and 5 for K52.1. It is obvious from both sets of figures that the ring growth 
of K47.5 was at every stage little better than half that of K52.1. Neverthe- 
less, save only in respect of absolute ring width, the pattern in which growth 
was distributed in the tree is the same. Thus the type 1 sequences of ring 
width values, the pattern of which appears in both Figs. 6 and 7, evidently 
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Fic. 7. Histogram representing the internal design of the internodal rings resulting 
from the orderly distribution of cambial growth in the tree. Diagram corresponds to 
Fig. 5 but in this instance is for the suppressed tree K47.5. 
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manifest the gradual rise, maximation, and gradual fall characteristic of those 
of K52.1. The same is true of the sequences of type 2. The difference that 
appears most prominently between the type 1 sequences of the two trees lies 
in the greater steepness of the fall from the maximum ring width with con- 
tinued radiolongitudinal progression in K52.1 (cf. Figs. 4 and 6). This in 
turn appears to be related mainly to the greater maximum ring width itself, 
the low, stable values reached in the lower part of the tree being similar in 
both. The most prominent difference between the type 2 sequences (radial) 
of the two trees lies in the more gradual rise to the maximum in the lowest 
internodes of K47.5. Otherwise than in these two respects the distribution 
of ring growth activity follows the same pattern exactly in the two trees. 
The absence of the regular pattern from the type 3 sequences of K47.5 
corresponds to the condition of the other tree. It is clear accordingly that 
though the two trees were of very different rates of ring growth, owing 
certainly in part to differing external conditions and perhaps also in part to 
genetical differences as well, nevertheless the activity of such ring growth as 
there was, was distributed in the same regular pattern. 

The second comparison tree is number K52.2. This was one in which the 
activity of cambial growth was almost as much greater as the growth of 
K47.5 was less than that of K52.1. This tree also grew on a site in the 
Petawawa Forest Experiment Station, Chalk River. It was naturally seeded, 
not planted, and was over 26 years of age. It is known to have grown in 
the open without shade for very much the greater part of its life and it is 
virtually certain to have grown in the open from the beginning. The tree 
was, accordingly, branched to the ground. Its height was 44 ft. 9 in. 
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Fic. 8. Family of first type sequences of ring width corresponding to Figs. 4 and 6 but 
in this instance for an open-grown tree on a favorable site. Tree K52.2. 

The data are given in Figs. 8 and 9. Evidently we encounter again in the 
sequences of types 1 and 2 in this tree a variant of the same pattern that was 
found in both the other trees. Though the rings are considerably wider even 
than those of K52.1, the gradual rising and falling pattern is unmistakable. 
Sequences of type 3 are again devoid of pattern. A prominent point of 
contrast in the sequence of type 1 between this tree and K52.1 lies in the 
very much more gradual descent from the maximum in K52.2 (cf. Figs. 
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Fic. 9. Histogram representing the internal design of the internodal rings resulting 
from the orderly distribution of cambial growth in the tree. Diagram corresponds to 


Figs. 5 and 7 but in this instance is for an open-grown tree on a favorable site. Tree 
K52.2. 
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4 and 8). In both trees a high maximum is achieved but the decline is steep 
in the tree which was shaded below (K52.1) and is very gentle (though real) 
in the open grown tree K52.2. Another contrasting point is the more gradual 
rise from the origin to the maximum in the type 1 sequence of K52.2 than in 
that of K52.1. In K52.1 and K47.5 the maximum of the type 1 sequences 
was reached in three to four internodes (and years) whereas in K52.2 it 
required 6 to 10 internodes (and years) from the apex (and origin). We have 
found that save for certain circumstances referred to below, all the trees which 
were not open grown conform to the 3 to 4 year rather than the 6 to 10 
year pattern. 

The number of our authentic specimens of fully and continuously open 
grown trees is small but as far as the data go they support the conclusion that 
the rise to the maximum in sequences of types 1 and 2 proceeds over more 
internodes (and years) and is generally more gradual, whether the maximum 
is high or low, than it is in trees that are affected by mutual shading. As an 
example of an open grown tree that grew very slowly because of inferior site 
conditions we record in Figs. 10 and 11 the data for growth distribution in 
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tree G46.2. This tree stood in a very shallow light organic soil over pre- 
Cambrian rock in our station at Trout Lake in the University of Toronto 
forest, Haliburton. The vicinity is forested with a mixed second growth 
stand but a few young red pines occurred widely spaced on a high ledge over- 
standing the lake, and this tree was one of these. The site is naturally dry. 
The data show that the rise to and decline from the maximum are more 
gradual than in trees mutually suppressed by shading below. On the other 
hand it would be difficult to institute a really strict comparison with this tree 
with its exceptionally low maximum because the site is such that a mutually 
shading stand probably could not under natural conditions be developed 
thereon and artificial aids to such a development would undoubtedly raise 
the value of the maximum. 


IIT.3. Modification of Pattern with Change of Effective Conditions During Growth 


Where a stand is formed under the appropriate circumstances whether by 
planting or by natural seeding, it is obvious that the effective conditions of 
growth may change in the course of the early years of growth. If the factors 
exert the controlling influence attributed to them, the change should then 
lead to a corresponding modification in the distributive pattern of growth 
activity in the tree. For instance, a young tree may come up under no 
appreciable shade at the beginning of the growth cycle and it would thus 
grow under open conditions until mutual shading and suppression began to 
develop as the trees closed in on one another. Otherwise, young, well 
separated trees may come up amongst existing growth which they later 
overtake, and dominate. In such cases more or less suppression by shade 
would occur first and the condition of open growth be realized subsequently. 
The possibilities of quite drastic changes of this kind are numerous. In 
appropriate circumstances, the sequences of types 1 and 2 in trees that had 
undergone marked changes of effective conditions would be expected to 
exhibit patterns that pass from the particular modification characteristic of 
one set to that characteristic of the other set of factors. It may be presumed 
that most trees pass during their early years from one to another set of effective 
conditions, not remaining uniformly under a single set, and that the evidence 
of the transition would then be recorded in their rings. There are, however, 
a number of reasons why the records of the rings might as yet be interpretable 
only in a small minority of instances. One important reason is that in the 
majority of cases the two sets of effective conditions would correspond neither 
to fully open growth nor to obvious suppression by mutual shading or its 
equivalent but would pass from one intermediate complex of factors to 
another. Since at present our conceptions are necessarily restricted to the 
relatively simple ones corresponding to the typical, extreme combinations of 
factors considered in the preceding subsection, the effect of intermediate 
complexes upon the ring pattern would often appear ambiguous. Neverthe- 
less we might expect to find interpretable evidence in a certain number of 
instances. One such suggests itself as a possibility in the early, type 1 
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sequences of the tree K52.1. These are consistent with the conclusion that 
before 1939 the young tree was effectively open grown. Effective mutual 
shading appeared sharply in 1939, the year of maximum diameter growth, and 
intensified thereafter. This conclusion corresponds to the history of the 
plantation to which this tree belonged (Figs. 3, 4, and 5). 

In addition to the difficulties arising from the effect of intermediate com- 
plexes of factors there is the mechanical difficulty that arises from the fact that 
it is so often impossible to trace externally the very early internodes of trees 
25 to 30 or more years of age. Trees of about half this age more often retain 
external evidences of the lowermost whorls of branches. Accordingly, we 
have gathered data from a few quite young trees that were believed to have 
undergone changes in the effective controlling conditions during the course of 
growth. In recording two of these it is advisable to stress that in the absence 
of continuous, independent records of the growth conditions obtaining at the 
time of growth, our conclusions regarding the factors are necessarily interpre- 
tations based on no measured quantity except the growth sequences alone. 
Accordingly, our conclusions contain hypothetical elements which cannot yet 
be eliminated and are not correlations established between measured growth 
and measured factors. Such correlations we can establish only by future 
research entailing parallel observations on growth and on factors. No such 
data are available to us at present. 
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The first of the two young trees which we propose to consider at this point 
is tree C46.1. It grew in our original observation station in Camp Borden, 
was very close to 10 ft. high and 13 years of age when cut down. Our appraisal 
of the earlier conditions of growth was that this young tree had come up 
through a scrubby existing growth in the course of doing which it must have 
passed from a more or less suppressed and certainly shaded condition to one 
which was effectively open and dominant. This description, however, is 
merely a reconstruction of the earlier circumstances and it merits a corre- 
sponding weight. The data for growth are presented in Figs. 12 and 13. 
They show that whether we are right or wrong in our reconstruction of the 
conditions, the young tree certainly experienced an unusually sudden and big 
increase in ring growth rate in 1942. The difference between 1941 and 1942 
is too great to be accounted for as the normal increase in growth increment 
that young trees of 10 years of age ordinarily exhibit. Also the type 1 
sequences which up to 1941 manifested the particular form of the pattern 
which we have found associated with the partially shaded condition of the 
tree changed in 1942 to the gradually rising form associated with the unshaded, 
open tree. The tendency to this latter form persisted subsequently. 

The second young tree is number H47.1 which grew in our observation 
station at Carnarvon in Haliburton. It was about 14} ft. tall and was over 
12 years of age when it was cut down. It was one of a natural seeding into a 
fenced field from adjacent seed trees. The conditions of growth were very 
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favorable, the young trees grew fast and since they were considerably more 
closely spaced on the average than the uniform 6 X 6 ft. arrangement adopted 
so frequently in plantations of this species they began to exert a mutually 
shading effect relatively early. Thus the succession of conditions was in this 
instance the reverse of that under which tree C46.1 was believed to have 
developed and the present tree is thought to have started out as one of an 
effectively open stand which closed up at about their eighth year. 

The data are given in Figs. 14 and 15. There was a check to growth in 
1946, the last full year of growth, but otherwise the young tree exhibited the 
annual increase of increment that is usual in such specimens. But the 
earliest five sequences of type 1 and the sequences of type 2 in the lowest 
internodes show the characteristic of the particular form of the pattern which 
we find associated with unshaded and open growth. The last four sequences 
of the first type show the characteristic of the particular, modified form of the 
pattern that we associate with mutually shading trees. 


IV. The Controls of Cambial Growth 


1. The Systematic Factors Controlling the Essential Characteristic of the Ring 
Growth Pattern 


In the foregoing sections we have compared representative trees grown 
under the four combinations of contrasting growth conditions which might 
be expected to influence most powerfully, but not randomly, the distribution 
of cambial growth activity in the tree. Thus we have combined both inferior 
site conditions, conducing to narrow rings, and superior site, conducing to 
wide rings, with conditions of open, fully exposed growth and of closed or 
mutually shaded growth. We have also compared trees which in their early 
years were believed to have passed from one combination to another. The 
special influence of the light conditions in modifying the steepness of the rise 
and fall of ring width in sequences of types 1 and 2 is shown to be manifest 
under both inferior and superior site conditions. It is also manifest where the 
succession of combinations is believed to have entailed a change in the light 
conditions and appears equally whether the succession is from open to closed 
or shaded growth or the reverse. But however much it may be modified, 
nevertheless, under every combination the essential pattern itself is invariably 
repeated. The pattern is evidently modifiable in degree but not alterable in 
kind by the wide range of variation in external conditions represented in 
the data. 

We must conclude that the essential characteristics of the pattern cannot 
originate in the controlling influence of the factors of site and stand density 
that we have been considering. There is in any event no reason whatever to 
suppose that the site conditions as such could possibly bring about the kind of 
variations of cambial growth in which the characteristics of the pattern 
consist. The decline of growth from its maximum in the type 1 sequence 
might have seemed attributable to the effect of the mutual shading of a close 
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stand (K52.1) but that it also occurs, though less steeply, in open grown trees 
(K52.2). Accordingly, the evidence is that the pattern itself originates in the 
controlling influence upon cambial growth of systematic intrinsic factors such 
as are associated with indispensable elements of the structural and functional 
architecture of the tree. 


There now arise questions as to the nature of the intrinsic factors referred to. 
We have not the means to pursue these questions to a conclusion at this stage 
but certain conceptions will be considered in the light of which our hypothesis 
of the nature of the factors has been formulated for future examination. 

We first consider the mode of action of the factor of mutual shading which 
is so characteristic of closed plantation stands and which exerts such a strong 
modifying influence on the cambial growth pattern in red pine. It is evidently 
possible to regard this factor as substantially equivalent to a gradient or 
gradients in the distribution of brightly illuminated foliage along the axis of 
the tree. Such gradients would be nutritive gradients functionally and the 
level of organic nutrition of the cambium in a given internode could be regarded 
for the purpose of a first approximation as proportional to the effective amount 
of foliage supplying that internode and to the light reaching that foliage. 
Beginning at the apex of a young tree in a closed stand, the slight foliation 
and size of the topmost whorl of branches ensures that the nutrition of the 
cambium in the terminal internode would be lower than that of the internodes 
immediately below it. On passing down the axis a short distance the cambial 
nutrition would increase with increase in the size and foliation of the successive 
branch whorls, all of which would be well illuminated. Considerably lower 
down mutual shading would reduce both illumination and density of foliage 
and at a certain point the foliage would disappear completely, giving rise to 
a minimum nutrition in that region and below. In these circumstances a 
maximum cambial nutrition must be reached at some point between the upper 
and lower minima. Postulating that growth depends upon nutrition it is 
obvious that the steeper the nutritive gradients the steeper would be both the 
rising and the declining series of internodal ring widths in the sequences. 
Also, the more severe the mutual shading the steeper would be the resulting 
gradients because shade below would tend to force both the maximum and the 
lower minimum cambial nutrition into a relatively high vertical position in 
the tree and would do so in rough proportion to the density of stand and 
depth of shade. 

The manner in which we suggest that the factor of mutual shading would 
operate in modifying the growth pattern of the first type sequences is manifest 
from the above. In type 1 sequences both the nutritive gradients and the 
growth response can be regarded as longitudinal variations in space and since 
the rings of the sequence are all contemporaneous, time, in so far as it incor- 
porates variation in external growth conditions, can be ignored. But the 
mechanism postulated must also be applicable to type 2 sequences and in 
these progression and variation in space are wholly radial and not at all 
longitudinal. However, second type sequences also progress and vary in 
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time and consideration shows that for this reason the mechanism would be 
applicable. A given internode must begin as the leader and, as a result of 
terminal growth, each year would see this internode, as it added a new ring 
of wood radially, recede in relative longitudinal position by one place. The 
result would be that as the recession proceeded, the internodal cambium, 
while undergoing no change in height on the tree would, nevertheless, pass 
through the entire succession of nutritive conditions outlined above, describing 
its gradient, however, along the time scale instead of along the axis of the tree. 
Thus the series of rings the widths of which form a second type sequence and 
occur in a single internode would be modified accordingly. The postulated 
mechanism is therefore applicable to the requirements of type 2 sequences. 

It remains to examine the applicability of the suggested mode of action 
of mutual shading to the type 3 sequence. This sequence is found to be 
unpatterned and the corresponding peculiarity in its mode of origin is that 
every ring of a given sequence is formed from an internodal cambium of the 
same age. The rings of a type 3 sequence are not in the same internode as 
are those of a type 2 sequence, but because they are formed in a succession 
of internodes at a time when these internodes each came in its turn to a certain 
age, they must be formed when these internodes come to be in a constant 
relative position from the apex of the tree. The cambia would therefore be 
always of a closely similar nutritive status when laying down the rings of a 
third type sequence, provided the condition of mutual shading had remained 
substantially the same. In a plantation of more or less uniform trees of 
roughly equal age and equal growth the mutual shading factor does remain 
steady for long periods or progresses through a series of very gradual changes. 
Accordingly, the effect of the systematic factor which determines the pattern 
in sequences of type 1 and type 2 would in third type sequences be to keep 
the ring widths equal. As we shall see, the effect of the other stable factors 
such as those of site and stand density would be to confer a certain ‘‘con- 
figuration”’ or gradual variation on the form of the sequences. This configura- 
tion, unlike pattern, would not always be the same but would vary from one 
set of conditions to another. The effect of the frequently variable, unstable 
factors the incidence of which is random would be to superimpose random, 
yearly variations upon the ring widths of third type sequences. This is in 
point of fact what we find in type 3 sequences. Therefore the suggested 
mechanism for the modification of the pattern in type 1 and type 2 sequences 
by modification of the nutritional gradient conforms to the requirement of 
type 3. This is, that it should be unpatterned, with a configuration that varies 
with site and stand and that it should exhibit random yearly fluctuations. 

In so far as the above accounts plausibly for the modification of the growth 
pattern by the factor of mutual shading acting through nutrition, it suggests 
that the essential characteristic of the pattern originates in an analogous 
manner. The essential characteristic is the existence, as distinct from the 
steepness, of the rise and fall of ring width in the sequences of types 1 and 2. 
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Our hypothesis therefore is that the rise and fall, whatever their slopes, would 
derive from nutritive gradients originating in the natural growth habit of the 
tree and maintained even when the tree grows fully exposed to light in open 
formation. 

In this species the very young tree and the upper part of the older trees, 
as long as height growth is still proceeding and the growth habit is not dis- 
torted, present a good conical form. The foliage of four years normally 
persists. The number of branches per whorl is not large, the branching habit 
is sparse and access to light is correspondingly good. There can be little 
doubt that a rising nutritive gradient in the cambium would be found in 
descending the tree from the apex for a certain number of internodes. If the 
tree were open grown it would still be necessary to take into account the 
appreciable shading of the lower branches by the upper. In the lower zone 
of the tree the branches tend to droop as the tree grows bigger and for this and 
other reasons the conical form is much less marked than in the upper zone of 
such a tree. Moreover, the amount of foliage per branch obviously does not 
increase indefinitely as the tree is descended. Yet, owing to increase in girth 
the amount of cambium per linear foot of trunk or per average internode must 
increase indefinitely. It seems probable that the nutritive state of the 
internodal cambia of the lower zone would become progressively less ample as 
the tree is descended from one internode to another owing to a steady or 
slowly diminishing supply being associated at each step with a slowly increas- 
ing demand. We consider that such a design of the tree’s structural and 
functional architecture would be sufficient to account for the gradual decline 
of ring width from the maximum in the patterned sequences of open grown 
trees. Under these conditions also the position of the maximum in first type 
sequences would be lower in the tree than if there were shading below by other 
trees. As a consequence the rise to the maximum in the sequence would be 
more gradual than it is in the tree of closed growth. Accordingly it is with 
the postulated, normal nutritional gradients of the open grown tree that we 
identify the intrinsic factors which determine the essential characteristic of 
the cambial growth pattern. We are examining this hypothesis experimentally 
in order to establish the reality of this or some alternative view of the 
mechanism by means of which the cambial growth pattern is maintained 
and modified. 

In Subsection III.1 we have already shown that the essential characteristic 
of the growth pattern is associated with the progression of the sequences in 
the radial and not in the longitudinal direction. Only sequences of types 1 
and 2 exhibit radial progressions and only these have patterned cambial 
growth. The unique common element that radial progression entails upon 
the two types of sequence is that the cambium which formed the ring is always 
one year older at every step of the progression. That is, cambial ageing would 
appear to be the critical attribute of type 1 and 2 sequences. Ageing would 
not necessarily entail deterioration. In sequences of type 1 the age series 
occurs in space along the axis of the tree; in type 2 sequences the series is 
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described along the time scale. This corresponds exactly to the occurrence 
of the postulated nutritional gradients. In type 3 sequences there is neither 
an age series nor a nutritional gradient. Ageing could evidently be distin- 
guished from nutrition if it could be shown that the cambium in fact remains 
stable in its relevant physiological properties and is not subject to drift with 
age. No ad hoc evidence of cambial drift of any kind is available though it is 
known that metabolic drifts occur in the apical meristems of annual plants (4). 
On the other hand the meristems of trees and especially the cambia of the 
very long-lived conifers seem endowed with a stability that is quite exceptional 
amongst living organisms. At the moment there seems to be a substantial 
balance of probability in favor of the literal stability of the cambium and 
therefore against the view that cambial ageing underlies the growth pattern. 
Nevertheless, since deterioration is not necessarily involved in the hypothetical 
cambial changes in question here we cannot dismiss the problem without 
further evidence. Future work must decide whether nutrition and age drift 
can be distinguished as alternative or joint determinants or whether one of 
these factors is merely a corollary of the other. 


IV.2. The Factors Controlling the Configuration of Cambial Growth 

It was shown in Subsection I[II.1 that internodal ring sequences of the third 
type do not exhibit the pattern of type 1 and 2 sequences and their origin is 
characterized by the fact that the successive rings of any given sequence were 
laid down from cambia and in internodes which are of uniform age. In 
Subsection IV.1 we concluded that the effect upon type 3 sequences of the 
intrinsic systematic controls of cambial growth is to keep the successive ring 
widths equal and it is clear that this conclusion would follow on either the age 
or the nutritional hypothesis of the systematic factors’ action. But in 
addition to the evidence they give of pattern, the ring growth data (Figs. 
4 to 11) when closely examined, show that factors of two other categories are 
influencing the results. The first of these other categories of factors control 
what we are here calling configuration, and it is these factors with which this 
subsection is concerned. In the presence of pattern, configuration is obscured. 
It is therefore nct easily evaluated or even detected in the data for sequences 
of types 1 and 2. But to the extent that type 3 sequences are devoid of 
pattern, configuration should be more clearly manifest in them. In this 
subsection we examine the type 3 sequence for the purpose of detecting and 
describing configuration and denominating the factors to which this kind of 
variation in growth activity is to be attributed. 

In Fig. 16 the type™3 "sequences of tree K52.1 are plotted as a family of 
graphs in a manner analogous to the plot of type 1 sequences of the same tree 
that is given in Fig. 4. In both diagrams the natural distribution of the rings 
in space has been displaced in order to make manifest their time relations. 
In Fig. 4 the points on the axis of abscissae represent years from the origin 
of each of the 22 measured internodes of the tree. The ring widths plotted 
at each point were those of rings which had been laid down in their respective 
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YEAR OF RING FORMATION 
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Fic. 16. Family of third type sequences of internodal ring width (i.e. cambial growth) 
aligned upon a common time scale of the calendar years in which the rings were formed. 
In order not to confuse the figure with too many lines the sequences plotted are those of 
the first four and thereafter only the even numbered years of their internodes. Plotted 
below on the corresponding time scale are the lengths of the internodes laid down by 
terminal growth each year. The sequence of ring widths of first year internodes lies well 
below the main body of the family. Tree K52.1. 


internodes in the first, second, third, etc. year of their existence. That is, 
those plotted at each point are the widths of rings formed in internodes of the 
same age. As such, each set of widths plotted at a point on the abscissal 
axis of Fig. 4 must by definition be those of a sequence of the third type. 
Such are the sequences now plotted in Fig. 16. The graduations of the axis 
of abscissae represent in this figure the succession of years from 1931 to 1952, 
inclusive, and the ring widths plotted at any point of the axis are those of a 
single year and are therefore by definition the values of a sequence of type 1. 
The relationships of the type 3 sequences can also be understood from their 
representation in Fig. 5. Type 3 sequences are identical with the vertical 
sequences of that figure as explained in Subsection III.1. In Fig. 16 also 
appears a plot of the lengths of the internodes of tree K52.1 to which we shall 
refer at a later point of the paper. 

The major topographical features of Fig. 16 are a gradual rise, maximation, 
and decline along the time scale on the part of each separate component of the 
family of sequences. This might seem to suggest that the third type sequences 
are also patterned after the manner of the sequences of types 1 and 2. But 
we shall find that this is not so when presently we compare the families of 
type 3 sequences belonging to other trees with this one. Trees from different 
situations are found to exhibit quite different major topographical features of 
their type 3 sequences although their type 1 and type 2 sequences are always 
simple modifications of a single pattern. Later we shall show that trees from 
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a uniform site produce type 3 sequences with similar major topographical 
features. The major topographical features of Fig. 16 cannot therefore be 
referred to “‘pattern’’ but must be denominated “‘configuration” as these terms 
are defined in Section 1. The similarity in form between pattern, on the one 
hand, and configuration as observed in the third type sequences of tree K52.1, 
on the other, is therefore coincidental. 
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Fic. 17. Family of third type sequences of cambial growth and corresponding series of 
internodal lengths representing terminal growth. Figure is similar to Fig. 16 but for 
Tree K47.5. 


If then the major topographical features of these type 3 sequences are not 
patterned but vary from site to site while remaining the same within any 
uniform site, we may conclude that the controlling factors are not intrinsic 
but extrinsic, and that they arise from the characteristics of the site and 
stand rather than from the species or from the frequently variable factors of 
the meteorological complex. The history of the tree (cf. section III.3) shows 
that K52.1 grew rapidly under open conditions and with the annually increas- 
ing increment usual to unsuppressed young trees until about 1939, when the 
effect of mutual shading became manifest. After that, growth declined. This 
history evidently fits the major topographical features of the type 3 sequences 
with satisfactory fidelity. Accordingly, we conclude that it is in conformity 
with these conditions of site and stand density that we must correlate the 
rising, mMaximating, and declining values of these type 3 sequences and not 
in conformity with a nutrient gradient inherent in the structural and functional 
architecture of the tree. 

In Figs. 17, 18, and 19 are given the third type sequences of ring width and 
also the internodal lengths of the comparison trees K47.5, K52.2, and G46. 2. 
These may be compared with the corresponding data of Fig. 16 for tree K52.1. 
We again propose to consider at this point only the configuration of the 
families of type 3 sequences. We note first that the configuration, especially 
of Figs. 18 and 19, does not in the least suggest the rising, maximating, and 
declining pattern of the type 1 and 2 sequences of these trees (cf. Figs. 8 to 11). 
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On the contrary, the comparison given below will show that in all three trees 
the configuration of type 3 sequences conforms to the characteristics of site, 
stand and history such as we have already correlated with the configuration 
of tree K52.1. 
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_ Fic. 18. Family of third type sequences of cambial growth and corresponding series of 
internodal lengths representing terminal growth. Figure similar to Figs. 16 and 17 but 
for Tree K52.2. 


Regarding first tree K47.5, the history of the tree (see Section III. 2) 
shows that in the early years it was severely suppressed until, in about 1930, 
cutting in the woodlot where it grew resulted in a marked improvement in the 
conditions of its growth; the improvement persisted for some years after which 
suppression began to develop once again. The configuration of the family of 
type 3 sequences in Fig. 17 conforms very closely to this history. Growth in 
the years before 1930 varied about a low mean value. This phase was followed 
by three years of augmenting growth after which growth varied about a much 
higher mean value than that of the earlier years. Later, with resumed 
suppression, growth fell off again somewhat. The correspondence of the 
major topographical features in Fig. 17 to this history is manifest and we 
conclude that the origin of configuration in the third type sequences of this 
tree therefore conforms to that of tree K52.1. 

Trees K52.2 and G46.2 were both open grown, the former on a favorable, 
the latter on an unfavorable site. The configuration of their families of type 3 
sequences (Figs. 18 and 19) is very simple and carries no suggestion of 
pattern. In Fig. 18 there is a very slight downward trend and in Fig. 19 an 
upward trend of similar slope. The big contrast in the mean width of the 
rings of the two trees evidently corresponds to the effect of the two very 
different sites upon growth (see Subsection III.2). On the other hand the 
major topographical features are alike and simple inasmuch as stand density 
and competitive factors play no part in either of these two open-grown trees 
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_ Fic. 19. Family of third type sequences of cambial growth and corresponding series of 
internodal lengths representing terminal growth. Figure similar to Figs. 16, 17, and 18 
but for Tree C46.1. 


in inducing gradual or progressive variations. The attribute of configuration 
in the third type sequences of K52.2 and G46.2 is, accordingly, a virtual 
uniformity. 

The data considered in this subsection lead to the conclusion that internodal 
ring growth is influenced by factors of site and stand density the effects of 
which are obscured in sequences of types 1 and 2 but are manifest in sequences 
of the third type. We use the term configuration to denote the effect upon 
cambial growth, clearly visible only in type 3 sequences, of the operation of 
these factors. Since the factors differ from site to site, configuration differs 
correspondingly and is thus distinguishable from the effect of the intrinsic, 
systematic factors that determine pattern. The latter attribute is the same 
in its essential characteristic from one set of growth conditions to another. 
Evidently the controlling factors here in question arise independently of the 
individual tree and are therefore extrinsic in origin. Their incidence is, 
however, not random but systematic in the sense that the effects of the factors 
develop inexorably year after year according to the properties and history of 
the site and stand once the tree has been established at the site of its growth. 


IV.3. The Randomized Controls of Cambial Growth 


It is clear from Figs. 16 to 19 that every component of any given family of 
sequences records irregular, yearly variations of growth in addition to the 
gradual or progressive variation sometimes approaching uniformity which is 
characteristic of the attribute of configuration. The amplitude of the irregular, 
yearly variations is generally small relative to the range of the gradual or 
progressive changes in rate that are involved in such configurations as that of 
K52.1. Accordingly, the irregular, yearly variations may be regarded 
superimposed upon any others there may be. The yearly variations corre- 
spond very closely from one sequence to another of the same family. Thus, 
years of growth that are better than average and those that are poorer than 
average are usually distinguishable as such no matter in what internodes of 
the tree the rings were formed. These variations aiso occur, necessarily, in 
the sequences of types 1 and 2; indeed their presence is apparent upon inspec- 
tion of Figs. 4 to 11, but owing to the predominance of the effect of pattern in 
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these sequences, the yearly variations cannot easily be isolated and considered 
apart from the variations of the pattern. In the sequences of type 3, on the 
other hand, the yearly variations are both prominent and replicated in any 
given family from one sequence to another so that it would appear to be 
possible to use them in the analysis of growth. 

Finally, it seems clear that the frequent, yearly variations occurring as 
they do in all parts of the tree to roughly corresponding degrees, are random 
in their incidence. We conclude that they are controlled by extrinsic factors 
of the frequently variable, wind and weather kind. We cannot yet attempt 
to analyze the complex of factors that is in question here. This will require 
ad hoc experiments in which both factors and growth are measured under a 
wide variety of conditions. 


IV.4. Recapitulation of the Factors Controlling Cambial Growth 


The complex of random factors is the last of the three sets, the effects of 
which upon cambial growth have been considered in this section of the paper. 
We may conclude the section with their recapitulation: 

(1) The intrinsic, systematic factor or factors which determine the “‘pattern”’ 
of cambial growth. The pattern is revealed and rendered accessible to 
analysis in sequences of the first and second type. The hypothesis of the 
mechanism here advanced is that of a gradient of nutritive conditions in the 
cambium induced by the branch and foliage structure of the tree. The latter 
attributes are assumed to be genetically controlled. 

(2) The extrinsic, systematic factors which control the ‘‘configuration’”’ of 
cambial growth. This attribute, obscured in sequences of the first and second 
type because of their dominant ‘‘pattern’’, is rendered accessible to analysis 
in sequences of type 3 and the factors in control are those inherent in site, 
stand density, and related conditions. These factors, or some of them, also 
modify pattern, particularly through the action of stand density and mutual 
shading upon branch habit. 

(3) The extrinsic, random factors which determine the yearly fluctuations 
of growth. The effect of these, like configuration, is obscured in the patterned 
sequences of types 1 and 2, but is manifest and accessible to analysis in third 
type sequences. These factors are held to be those that are most unsystema- 
tically and frequently variable, such as temperature, water supply, etc. No 
attempt is made in this paper to identify the several factors of this complex 
nor to distinguish and evaluate their separate contributions to the total effect. 


V. Results for Terminal Growth 


1. Variation in the Magnitude of Terminal Growth and its Controlling Factors 


No superficial attribute of our young stands of red pine is more noticeable 
than the extent to which the trees in any given stand growing on a moderately 
uniform site tend to undergo similar variations in terminal growth from year 
to year. This is especially true of planted stands where the trees are usually 
of uniform age and spacing. In Fig. 20 we plot the lengths of the internodes 
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YEAR OF INTERNODE FORMATION 
Fic. 20. Terminal growths of the main axis of trees at three stations between the years 
1939 and 1947. A: Station A, Angus, the trees were planted; age and spacing were 
uniform, height variable. B: Station H, Carnarvon, the trees were naturally regenerated; 
age, spacing, and height were variable. C: Station J, Chalk River, the trees were 
planted; age and spacing were uniform, height somewhat variable. 


formed in successive years by young trees at three of our stations. At each 
place the internodal measurements were taken on about 30 randomly selected 
trees. We have plotted the data for every third such tree beginning with the 
first as they were entered at random in the notebook. This was done in order 
to keep the figure from being obscured by too many lines. 

The stand at Angus was planted on a uniform, deep, light sand with a ground 
cover mainly of bracken. The trees were unselected, general stock from the 
nursery and the individuals exhibited a considerable range of variation in 
height at the same age. The Carnarvon stand was regenerated naturally from 
adjacent seed trees and occupied a deep, light soil which had at one time been 
cultivated. The ground cover consisted chiefly of grasses. The trees were 
not of uniform age and their spacing varied widely. Site conditions were 
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more favorable than at the corresponding Angus or Chalk River stations and 
growth was proportionately active. The Chalk River stand was a planted 
one and stood in a light, sandy soil of which the normal ground cover consisted 
of Myrica, Vaccinium, and bracken. The trees were unselected nursery stock 
and they varied in stature. General growth conditions were intermediate 
between conditions at Angus and those at Carnarvon. 

At all three stations the trees were about 15 years of age in 1947. They 
all exhibited the tendency, common in young trees at this stage, to increase 
their terminal growth increment year by year. The graphs therefore tend to 
rise along the time scale. The mean slope of the graphs is greatest with the 
Carnarvon and least with the Angus trees. But upon the rising form of the 
time—progress graphs of terminal growth are superimposed a series of ups and 
downs which, evidently induced by variable influences, bring about irregular 
departures from a regularly rising form. The manner and effect of their 
incidence must be considered in any attempt to shed light on the nature of 
the factors themselves. 

It is evident from Fig. 20 that the trees at each of the observation stations 
exhibit a strong similarity in their variations in time but also that the varia- 
tions are different from one station to another. The yearly variations in 
growth exhibit no periodicity or system but are of an irregular and random 
character. The factors determining the variations must correspond to these 
attributes. 

The common tendency at all three stations to increase the annual increment 
of terminal growth year by year must in all probability be referred to intrinsic 
factors proper to the species. On the other hand, the extent to which the 
increment is increased on the average, year by year, can with equal probability 
be referred to conditions inherent mainly in the site and stand. Thus at 
Carnarvon the increase is large, at Angus it is small. But the irregular and 
random variations differ in their incidence from place to place and in their 
effect from year to year. It is therefore almost certain that the determinants 
are extrinsic in origin and independent of site in their incidence. Site factors 
are much less frequently and irregularly variable than this. For these reasons 
and because trees standing together in one place and only they are similarly 
affected we conclude that the factors in question are of a kind which vary 
locally from year to year and in any one year they vary from place to place. 
The meteorological complexes manifestly fit these specifications but we do 
not propose to attempt in this paper to justify conclusively the suggested 
hypothesis that they are the factors in question. 

Our present interest in the factors controlling the irregular, yearly variations 
of terminal growth can be satisfied by denominating them simply as extrinsic 
factors of random incidence which act as controls of terminal growth. At the 
same time, however, we must note that extrinsic randomized factors were found 
in Subsection IV .3 also to condition cambial growth. The two sets of factors 





we 





DUFF AND NOLAN: GROWTH AND MORPHOGENESIS 503 


here in question need be by no means necessarily identical, but some light 
should be shed on their relation to each other and to both meristems by a 
consideration of the concurrent random variations of terminal and cambial 
growth in the same tree. 


V.2. The Contemporaneous Variations of Terminal and Cambial Growth in a 
Typical Tree 


We turn again to the data of tree K52.1 as our typical example. This tree 
grew in a plantation and under conditions of site that are superior to the 
average of those for which we have data. The data presently required have 
already been recorded in Fig. 16 which comprises this tree’s family of type 3 
sequences of cambial activity. These we have already examined in some 
detail in Subsection IV.2. The figure contains also a plot of the variation of 
internodal length along the same time scale as that of the family of type 3 
sequences and to this datum we have not yet referred. 

Our main purpose is the comparison of the random yearly variations of 
these two progressions in time but we must first note that the type 3 cambial 
sequences and the internodal lengths agree quite well in their major 
topographical features. We have found this to be true without exception in 
all the trees of whatever age and condition, that we have examined in this 
way. We shall find that they agree also in their random fluctuations though 
in no simple manner. The important point, however, is that they agree. To 
this considerable extent, therefore, the data afford evidence that within limits 
the extrinsic factors, both stable (configuration) and unstable (frequent 
random fluctuations) affect the cambial and apical growth processes similarly 
and that these are the only categories of extrinsic factors thus acting as controls. 


An inspection of Fig. 16 shows that at the two extremes of the time scale 
the main peaks and troughs of the cambial and apical activities synchronize. 
This applies to the intervals 1931-34 and 1946-51. From 1934 to 1946, 
however, the two varying measures of growth are out of phase. The displace- 
ment is one of a single year and is such that the main ups and downs of 
cambial growth anticipate by one year corresponding variations of terminal 
growth. The observed correspondence in the sense of the variations is more 
complete than correspondence in proportionality: Sometimes a_ small 
variation of cambial is associated with a relatively larger variation of terminal 
growth and occasionally the converse is true. 

The foregoing comparison is suggestive of complexity and indeed, the 
manner in which external conditions influence terminal growth cannot be 
other than complex. A sufficient source of complications is to be found in the 
single circumstance that the influences determining terminal growth (always 
measuring the latter by the length of the internode formed in a given year) 
must be spread over two years and in each year these influences must be 
exerted upon a different phase of terminal growth. A terminal internode is 
formed in two stages: The first stage occurs in one year and comprises the 
formation of a bud in which the primordia of all the parts of the next year’s 
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terminal growth are laid down complete. This kind of growth is largely 
differentiative. The bud overwinters. The second stage occurs in the follow- 
ing year and in this stage the bud undergoes its extension growth, in which 
the parts laid down in the bud grow out into the familiar terminal shoot. 
External conditions undoubtedly influence both stages. 

If conditions are adverse during the year of bud formation, a meager 
development of organ primordia occurs. Favorable conditions in the follow- 
ing year cannot now add to their numbers but such conditions can ensure the 
most favorable development of the primordia that were laid down. In 
P. resinosa the primordia of the forthcoming leaf fascicle branches, for instance, 
are budlets in each of which a subsidiary meristem is enclosed by budlet 
scales and there is no differentiation of foliage leaf primordia from the sub- 
sidiary meristems until the following spring when extension growth follows 
immediately upon differentiation. We have observed in accordance with 
these circumstances, that trees remaining in a plantation from which their 
mutually shading neighbors had been removed, achieved in the season follow- 
ing removal no greater axial extension growth than before but the leaves 
which in the second year developed on these short axes from budlets formed 
in the first were much larger than normal. Undoubtedly the significance of 
these facts is that the short axes themselves were developed by extension 
growth only in the second and favorable year, the differentiative growth 
having occurred in the first and unfavorable year in which the trees were still 
mutually suppressed. Thus in the whole terminal growth activity, the 
differentiative growth of bud formation was the limiting component. But the 
leaves on these short axes arose from the subsidiary meristems of the budlets 
by both differentiation and extension growth in the second and favorable 
year. The number of leaf fascicles and the extent of the axial tissues were 
thus fixed at a low level by the conditions of the year of bud formation. The 
size of the leaves was, on the contrary, independent of the suppressing condi- 
tions owing to the fact that they were developed entirely in the second year. 
Thus resulted the short axes clothed with exceptionally large leaves that we 
observed. Our present interest centers in the fact that the favorable condi- 
tions of the second year did not induce a correspondingly long axial extension 
because this growth came from a meager bud laid down under unfavorable 
conditions. 

If, on the other hand, conditions in the year of bud formation are favorable, 
the extension growth of the following year will usually be large whatever the 
growth conditions of that year. It will take exceptionally adverse conditions 
in the second year to neutralize the favorable influence of the first and to 
produce a meager extension of the axis from a really well-formed bud. This 
does not appear remarkable when it is regarded in the light of the fact which 
will be established in a later paper, that axial extension growth from the bud 
is concluded very quickly each season in our young trees. From the com- 
mencement of growth somewhat before May 1 in our Simcoe County planta- 
tions it ordinarily requires about six weeks to conclude axial extension growth 
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in the lower part of the young tree and about nine weeks in the main axis 
leader. This swift development forestalls the fully effective intervention of 
the common deleterious factors, especially dryness, except under severe and 
unusual conditions. Ordinarily the effect would be to assure an average 
terminal growth, or better, in the presence of adverse conditions in the second 
year provided the antecedent year of bud formation had been favorable. 

It seems clear, however, that events could so develop that the conditions of 
neither year would consistently become limiting and hence controlling to 
terminal growth for a succession of years. In all probability this would 
happen most frequently and unambiguously when the conditions of bud 
formation (i.e. of growth in general) were consistently very favorable. 

We have already noted the possibility that the conditions of the second year 
of terminal growth (i.e. of axial extension growth) could become limiting. 
This might be expected to occur consistently for a term of years under certain 
conditions of configuration. Such conditions would hold when growth was 
being progressively diminished as, for instance, when the trees of a young stand 
gradually close in upon one another and cause a progressive, mutual sup- 
pression to develop by mutual shading and root competition. Under these 
or analogous circumstances the axial extension growth from a bud must 
always occur under less favorable conditions than those in which the bud from 
which it sprang was laid down. Accordingly, as the suppression develops, the 
progressive diminution of axial extension will be relatively greater than that 
of bud formation and we conceive that a point will be reached at which axial 
extension will become consistently limiting to terminal growth instead of 
bud formation. 

In marked contrast to the speed with which terminal growth is concluded 
we have noted that in the same trees diameter growth continues often for 
more than 20 weeks. Histological studies of the developing bud show that it 
is laid down over a calendar time that corresponds more closely to the middle 
and later period of cambial growth than to the early period of axial extension 
growth. We might expect this to favor the development of correspondence 
between the factorially controlled variations of cambial growth and those of 
concurrent bud formation. This should then frequently result in corre- 
spondence between the variation of cambial growth in one year and of axial 
extension growth of the next. Correspondences of the latter type are examples 
of what we propose to call the “‘precession of cambial growth’. As a matter 
of fact this proves to be a very frequent and interesting form of interaction 
between the activities of the cambial and apical meristems. It therefore 
cannot fail to be prominent in any comparison of type 3 sequences of cambial 
growth with the corresponding series of internodal lengths representing axial 
extension growth. In making the comparisons we shall use the activity of 
cambial growth, as measured by the ring widths of the type 3 sequences, as 
an indicator of the current conditions of bud formation and of axial extension. 
In so doing we assume that the conditions influencing cambial activity exert 
a roughly corresponding influence upon both apical growth processes. The 
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justification for this assumption lies in the results of its application, but there 
is no a priori reason to doubt that it would be true of at least the major factors 
such as moisture, light, and temperature. Also, we show elsewhere in this 
subsection that extrinsic. factors have corresponding effects upon cambial 
growth on the one hand and terminal growth as a whole on the other. 

We may now compare in detail the variations of ring width and internode 
length in Fig. 16 over the years 1934 to 1946 in which the precession of 
cambial growth is clearly manifested. Thus we see that in 1934 cambial 
growth and axial extension growth were both low and we conclude that bud 
formation that year was poor. In 1935 the conditions for cambial growth 
greatly improved but owing to the meager bud formation of 1934, axial 
extension growth in 1935, though slightly improved over that of 1934, was 
still poor. But from the much improved conditions of cambial growth in 
1935 we deduce that an ample bud was formed that year. In 1936 the result 
was that though cambial growth was substantially poorer than in 1935, axial 
extension growth was much improved. Thus the ample preparation of the 
bud in 1935 overbalanced the indifferent conditions of the 1936 season as a 
whole, in the early part of which the axial extension growth took place. The 
bud of 1936 is taken to have been less amply laid down than that of 1935 
because cambial growth was less. Accordingly, the axial extension growth of 
1937 showed no increase in spite of the substantial improvement in growth 
conditions in 1937 over 1936. Continuing, the evidence of the record is that 
the bud formed in 1937 was somewhat superior to that of 1936. To the effect 
of this advantage was then added in 1938 a considerable improvement in the 
conditions of growth. The result was that axial extension growth rose 
substantially in 1938. A further succession of synergistic conditions now 
recurred twice with the result that both axial extension and cambial growth 
augmented for three years in succession and both then maximated. But the 
succession of increases in cambial growth began a year before the increases in 
axial extension and the maximum of cambial growth was, accordingly, reached 
in 1939 while that of axial extension growth occurred in 1940. The maximum 
of axial growth was achieved in a year of depressed cambial activity on the 
strength of the ample bud which had been laid down in the previous year of 
maximum cambial growth. 

It is possible in this way to follow through the entire succession of years in 
which the two kinds of growth, cambial and axial extension, exhibited pre- 
cession of cambial growth and to account for this phenomenon by the effect of 
the yearly fluctuating conditions upon the concurrent third kind of growth. 
The latter kind is the differentiative growth of bud formation. Our hypothesis 
of the mechanism is that the varying external factors had a corresponding and 
more or less equivalent controlling effect upon all three growth processes. 
The precession is then brought about by: (1) the discontinuity in time 
between bud formation and axial extension growth originating in the winter 
pause and (2) the fact that the time (and other) relations of terminal and 
cambial growth, under the conditions of tree K52.1 from 1934 to 1946, confer 
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a greater weight in the determination of terminal growth upon the limiting, 
preparative stage of bud formation than upon the final stage of axial extension. 
In this way the effect of the factors under appropriate conditions is manifested 
in the magnitude of cambial growth in the year of their incidence, whereas it 
is manifested in the magnitude of axial extension growth in the year following 
their incidence. This is our view of the way in which precession of cambial 
growth originates. 

We may conclude this subsection by comparing the variations of cambial 
and axial extension growth in tree K52.1 over the years 1946 to 1952. During 
this interval there is no evidence of the precession of cambial growth but on 
the contrary the data consistently manifest simultaneous variation of the two 
growth activities. According to our hypothesis precession occurs when 
differentiative bud formation is limiting terminal growth. Concurrence on 
the other hand is held to be found under conditions in which axial extension 
limits terminal growth. The latter conditions may develop in more ways 
than one and two ways are illustrated in the present data. The first mode of 
development is the progressive lowering of the magnitude of axial extension 
relative to that of bud formation so that the former finally becomes limiting 
as we have described above. This could occur, and appears to have done so 
here, when the tree is undergoing a progressive mutual suppression in the 
stand. The configuration of the type 3 sequences of Fig. 16 and the history 
of the tree (see Subsection IV.2) are both consistent with this hypothesis. 
The second mode of development is the sudden intervention of adverse condi- 
tions sufficiently severe to depress axial extension in an isolated year even 
though there had been adequate preparation of the bud. Such an occasion 
arose in 1950 with an exceptional early dryness that affected the trees in this 
plantation. The data show an equally sharp curtailment of both cambial 
and axial extension growth in that year. 


V.3. The Contemporaneous Variations of Terminal and Cambial Growth in 
Comparison Trees 


The required data for trees K47.5, K52.2, and G46. 2 are given in Figs. 17, 
18, and 19 respectively. Tree K47.5 like K52.1 was grown under forested 
conditions. It was partially liberated from severe suppression in about 1930 
and until about 1939 it grew at a much higher rate than before. At the latter 
time competition again began to impair the conditions of growth progressively 
and the mean rate was lower and declining when the tree was cut down. 
These circumstances confer upon the type 3 sequences of K47.5 a configuration 
not unlike that of K52.1. Moreover, a comparison of the yearly fluctuations 
of the sequences and of the corresponding values for internode length reveals 
a striking similarity between the trees in their control of yearly variation in 
growth although they differ so widely in mean growth rate. 

It is difficult to do more than suggest the possibility that there was con- 
currence in the variations of the two kinds of growth prior to 1929 when growth 
was slow. In terminal growth at that time the balance between axial extension 
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and bud formation was clearly rather exact, the conditions of suppression being 
such as to restrict axial extension growth frequently as much and sometimes 
more than bud formation. At any rate it is manifest that there is no pre- 
cession of cambial growth in the early interval. But from 1929 to 1938 the 
precession is obvious. The year by year analysis appears to introduce no 
element not already considered in the data for K52.1 and we shall therefore 
not trace the course of events. Throughout this period terminal growth was 
controlled by bud formation according to our hypothesis. The final period 
from 1939 to 1945 affords a remarkably clear example of the simultaneous 
variation of cambial and terminal growth. According to our hypothesis this 
relation is induced by the consistent limitation and control of terminal growth 
by axial extension. In this tree, as in K52.1, we attribute this control to the 
progressive suppression which the tree experienced during the years immedi- 
ately preceding its removal and the greater relative effect of the progressive 
suppression upon axial extension growth than upon bud formation. 

Tree K52.2 forms a contrast to the two trees we have examined above 
inasmuch as it was open grown. It was also growing on a favorable site so 
that its mean growth rate was considerably higher than that of both K52.1 
and K47.5. The circumstances of this tree fulfill conditions laid down by 
hypothesis in the preceding subsection for lack of correlation between the 
annual fluctuations of activity in cambial and terminal growths. The data 
of Fig. 18 show at once that the expectations based on hypothesis are realized. 
Except for an occasional suggestion of precession, as. about 1944, and of 
concurrence, as about 1939, the annual random variations in the two kinds of 
growth proceed without apparent correlation. Indeed, the individuals of the 
family of type 3 sequences themselves exhibit much less similarity of variation 
than do those of the other trees, although they agree in configuration. Accord- 
ingly we conclude that neither axial extension growth nor bud formation 
limited and controlled terminal growth for more than a year or two at a time 
throughout the life of this tree. Thus the analysis of the yearly fluctuations 
and their factorial control in open grown trees on favorable sites is likely to 
prove more difficult than it is in trees growing in the forest or, as we shall show 
below, in open grown trees on unfavorable sites. 

In tree G46.2 (Fig. 19) we have an example of an open grown tree on an 
unfavorable site. Owing to the severe restrictions of the site (see Subsection 
IV .2) the mean rate of growth was very low indeed and the yearly variations 
necessarily small. It is interesting therefore to observe the surprisingly clear 
evidence of consistent precession throughout most of the tree’s history. 
According to our hypothesis this is attributable to the limitation and control 
of terminal growth by bud formation. This is the form of control that our 
examination of trees K52.1 and K47.5 led us to associate with that part of 
the growth configuration of these trees (see Figs. 16 and 17) that was charac- 
terized by more or less steady conditions of moderate to good, though not 
maximal growth. In both trees precession gave way to concurrence when the 
stated conditions were replaced by progressively developing suppression. The 
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fact that precession in tree G46.2 is associated with steady conditions of very 
poor growth confirms a point of some importance which is implicit in our 
hypothesis. This is that precession and limitation of terminal growth by bud 
formation is induced not by the conditions of growth being moderate to good 
but by the relative steadiness of the conditions. Correspondingly, the replace- 
ment of precession by concurrence does not depend upon the replacement of 
good conditions by poor, but upon the progressive lowering of the grade of 
growth conditions. The expectation would be that concurrence would last as 
long but no longer than the progressive deterioration of the growth configura- 
tion continued. 


V.4. The Contemporaneous Variations of Terminal and Cambiai Growth in 
Supplementary Trees 

We continue this section with a reference to data derived from young 
plantation trees grown at various points in Simcoe County. These trees were 
somewhat younger even than the four young trees which we have used as 
illustrative material so far in this paper. One of our objects in presenting the 
data for very young trees is to demonstrate that the attributes revealed in the 
four typical trees are not peculiar to them but, on the contrary, characterize 
trees at different geographical localities, grown on sites of great variety and 
at much younger ages. Thus we are given reason to believe that the attributes 
are those of the species and not of individuals. 

Fig. 21 gives the type 3 sequence of cambial growth and the corresponding 
measures of terminal growth for three trees from our experimental plantation 
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Fic. 21. Families of type 3 sequences of cambial growth and corresponding series of 
terminal growths for three very young trees from Station X, Craighurst. The time scale 
graduations are only half as big relative to the growth scale as they are in the preceding 
figures. 
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at Craighurst. These trees were growing on a moderately favorable though 
not very uniform site in this highly variable area. The trees were about 
15 years of age, planted with a spacing of 6 X 6 ft., and at the time they were 
cut down they were closing up on one another and the lowermost branches 
were beginning to die off. These three trees were chosen from amongst a 
larger number to represent the site by taking from our records in numerical 
order the first three trees which provided data for 11 years. The figure shows 
that in each of the trees cambial and terminal growth agree in configuration in 
the same degree as they were found to do in the older trees. Also the con- 
figuration of both cambial and terminal growth is generally similar in all three 
trees. Configuration takes the form of a series of values for growth which 
increase along the time scale as they do in all the trees from this site. These 
regularly increasing values are displaced by the occurrence of superimposed 
variations which are referable to the influence of randomized extrinsic factors. 
Again, the three trees resemble one another in their responses to the highly 
variable factors. For instance, the prominent maximum of cambial growth 
in 1945 and the minimum in 1949 are present in every family of sequences 
derived from trees on this site. Comparing these variations in the cambial 
sequences with the corresponding variations in the terminal growth values of 
each tree, it is evident that they all strongly exhibit cambial precession, as 
would be expected from the circumstances of their growth and stand. 

In Fig. 22 are given the data corresponding to those of Fig. 21 for three trees 
(A47.1, A47.2, and A47.5) from our plantation at Angus. The trees standing 
on this apparently uniform site at the time these specimens were taken were 
remarkable for their heterogeneity in growth. The heterogeneity was so 
great and the reasons for a considerable part of it were so obscure that when 
specimens were taken for growth analysis, examples of fast, medium, and 
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Fic. 22. Families of type 3 sequences of cambial growth and corresponding series of 
terminal growths for three very young trees from Station A, Angus. The time scale 
graduations are only half as big relative to the growth scale as they are in Figs. 1-20 
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slowly growing trees were included deliberately. We give here the data for 
two of the more rapidly growing and one rather slowly growing tree, all 
about 15 years of age, taken as they came in the notebook, the choice being 
thus representative of a physiologically heterogeneous rather than a homo- 
geneous population. We note that in spite of the marked heterogeneity, the 
data from the three specimens conform substantially to the standard of the 
data of Fig. 21. Tree A47.1 gives some evidence of concurrence, of which 
there is little evidence in the data for the Craighurst trees. A47.5 is difficult 
to read because of the low amplitude of its variations in cambial growth, the 
usual accompaniment of slow growth. But there is evidence of precession in 
the data for this tree. Tree A47.2 clearly exhibits precession. Manifestly in 
these, as in the other trees examined, a correspondence of one form or the 
other between cambial and apical growth is demonstrable. However, whereas 
in all our Craighurst data precession is unmistakable, concurrence appears in 
the data of some of the retarding trees from Angus and in some from Camp 
Borden. In configuration there is a broad conformity of both cambial and 
terminal growth between trees as well as between cambial and terminal growth 
in each tree from Angus. This conformity lacks the precision that appears 
in the Craighurst data, and we refer this fact to the obviously heterogeneous 
character of the growth in this stand. This heterogeneity is thought to 
derive mainly from the trees themselves, since the Angus site is quite evidently 
much more nearly uniform than the variable hillside from which the Craighurst 
trees were taken. 

Specimens from our experintental plantation in Camp Borden yielded the 
data presented in Fig. 23. These are all trees of slow and many of progressively 
retarding growth, but there was no suggestion of marked heterogeneity in the 
external evidences of growth such as the Angus trees exhibited. The internal 
records are correspondingly uniform. In the configuration of both cambial 
and terminal growth, the Borden trees resemble each other as closely as 
do those from Craighurst and more closely than the Angus trees. The 
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Fic. 23. Families of type 3 sequences of cambial growth and corresponding series of 
terminal growths for three very young trees from Station C, Camp Borden. The time 
scale graduations are only half as big relative to the growth scale as they are in Figs. 1-20. 
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configurations of cambial and of terminal growth also conform closely to one 
another in each tree and the trees to one another in both kinds of growth. The 
variations induced by the randomized extrinsic factors are again recognizable 
as such in every tree just as they were in Craighurst and Angus. The 
prominent maxima and minima of cambial growth fall at the same times in 
all the trees, but the correspondence of terminal to cambial growth is varied 
in almost every tree, being characterized in part by precession and in part by 
concurrence. Thus, at the maximum of 1948 in cambial growth the data of 
practically all the trees show concurrence. In the minimum of 1949, however, 
there is precession in most instances. Tree C52.3 is an example of almost 
continuous concurrence. The frequency of progressive inhibition of growth 
in this poorly growing stand is reflected in the frequency of concurrence in 
the data for cambial and terminal growth. Nevertheless we always observe a 
close correspondence of either one type or the other between the two kinds of 
growth in these trees. 

Regarding now the three groups of trees together, its seems clear that the 
characteristics of the type 3 sequences of cambial growth and the features of 
the corresponding series of measures of terminal growth are very similar in 
the individual trees of each site. The similarity includes not only the major 
topographical features, which are necessarily rather simple in the short 
sequences of very young trees, but also the minor variations that are attribut- 
able to the influence of the randomized extrinsic factors. That these attributes 
differ from one site to the other, in spite of their simplicity, is also manifest. 
The configuration of the type 3 sequences of the Craighurst trees is charac- 
terized by a marked increase of growth increment with time. In the Borden 
group there is little or no such increase. The Angus trees are intermediate. 
These simple but evident characteristics are also visible in the graphs for 
terminal growth. Because of this similarity in general topography, it is 
possible to infer from the configuration of a series of measurements of terminal 
growth what the configuration of the type 3 sequences of cambial growth 
would be like. 


V.5. Conclusions 

Thus, regarding in this light the three groups of trees represented in Fig. 20 
and allowing for the variations induced by the randomized extrinsic factors, 
we conclude that the configuration of cambial growth in the Carnarvon trees 
was that of a rapid increase along the time scale. The Angus trees are deduced 
to have had the configuration proper to a slowly increasing growth and that 
the Chalk River group was intermediate. Again it is clear that at least in 
configuration of growth, the trees on one uniform site closely resemble each 
other and differ from the trees on other sites, thus confirming the distinction 
between configuration and pattern of growth. The latter attribute of cambial 
growth does not vary in its essential characteristic from one site to another. 
With further study and development the ability to deduce the configuration 
of cambial growth from an easily read series of terminal growths might well 
be of value in forest ecology. 
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The further and related problem of similarly deducing the yearly variations 
of cambial growth which are referable to the influence of the random, extrinsic 
factors is evidently one of still greater potential value. We are continuing 
and extending our work on this method of analyzing tree growth in the 
direction, amongst others, of its application to this problem. We cannot 
discuss this application here but will observe merely that a simple series of 
measurements of terminal growth in the main axis of young red pines supple- 
mented by a small number of sectioned trees from which to derive the proper 
corrections, would form a far more generally useful criterion of cambial 
growth than the present reliance upon cores at breast height or stump sections 
of very much older trees. More work is required in order to develop the 
technique and to ascertain its limitations and field of usefulness. 
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